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ABSTRACT
High specific energy/power is nearly always desirable in battery systems but it is
especially important in batteries for electric vehicles. One approach for increasing
the specific energy/power is to maximize the mass fraction of active materials. A
straight forward approach to realize this is to make the electrodes as thick as
possible. There are two main limitations for increasing electrode thickness. One
is the need for active material with high electronic and ionic transport properties,
and the other is rapid Li ion transport through the entire thickness of a porous
electrode.
In the research described in this dissertation, lithium titanite (Li4Ti5O12, LTO) was
chosen as a promising safe active material for lithium batteries. In spite of many
advantages, this material suffers from low electronic and ionic conductivity, making
it an unsuitable choice for manufacturing thick electrodes. In order to alleviate this
problem, a thorough investigation of the effect of Mo doping on structure, electronic
and ionic conductivity of LTO was conducted.
In order to facilitate rapid Li ion transport through the thickness of thick porous
electrodes, a novel processing approach, freeze tape casting, was developed to
make ordered anisotropic macro porous electrodes directly on the surface of a
metal foil current collector. The effect of electrode processing parameters,
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microstructure and thickness on the electrochemical performance of the
electrode was studied experimentally.
Finally, comprehensive numerically simulations were conducted to investigate the
effect of electrode microstructure (specifically thickness and tortuosity) on Li-ion
transport at different discharge rate (C-rate) for both normal and freeze tape cast
electrodes in order to guide the design of optimal microstructure. Computer
simulations show that freeze tape cast electrodes may be fully discharged up to 750 µm
thickness at 1 C rate compared to 300 µm for normal tape cast electrodes with the same
mass loading. Freeze tape cast electrodes also show stable maximum areal capacity for
C rates about double the maximum C rates of their normal tape cast electrode
counterparts with the same mass loading.
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1. PROJECT OVERVIEW

1.1 MOTIVATION
Li‐ion batteries, as one of the most advanced rechargeable batteries, are
attracting much attention in the past few decades. High specific energy is nearly
always desirable in battery systems but it is especially important in batteries for
electric vehicles. Current electric vehicle batteries achieve specific energy
between 50 and 150 Wh kg-1 at a system or pack level [1, 2], but further
advances are needed for larger market penetration, particularly in the battery
electric vehicle (BEV) area. Andre and co-workers in their recent review on
cathode materials for automotive batteries suggest a 2025 full-cell specific
energy target of 250 Wh kg-1 to meet a threshold driving range target of 300
miles [1]. The US Department of Energy (DOE) Electrochemical Energy Storage
Technical Team (EESTT) Roadmap lists a cell-level 2022 specific energy target
of 350 Wh kg-1 [3], and the most recent DOE Battery500 program goes even
further and sets a specific energy target of 500 Wh kg-1. These targets are
aggressive but not inappropriate in light of emerging battery materials R&D and
the rapid pace of battery research and technology advancement in the recent
past [1, 2, 4].
A key towards improving specific energy for a particular combination of anode
and cathode active material is to maximize the mass fraction of active material,

which means minimizing the fraction of inactive material such as the separator,
the binder, electrode additives for improving electronic conductivity, and the
current collector. A seemingly simple strategy for maximizing the mass fraction of
active materials is to make the electrodes as thick as possible [5-7].
Thick electrodes are mostly active material, and they can be manufactured at a
lower cost per unit of capacity [8]. Unfortunately, the thickness of electrodes
supported on current collector foils cannot be increased without bound due to
limits on transport rates of electrons and lithium ions in the electrodes [7, 9].
Because of these limitations, current vehicle battery cathodes tend to be limited
to areal mass loadings of 15-25 mg cm-2 with average porosities in the range
between 25-35%, which results in electrode thicknesses that are usually less
than 75 micrometers [1].
Attempts to increase mass loading and electrode thickness beyond these limits
without optimizing the electrode microstructure usually result in large portions of
the active material being inaccessible except at quite low charge / discharge
rates that would be unacceptable for vehicle use.
Ion transport in thick electrodes can be particularly problematic. A typical slurrycasted battery electrode with a porosity near 30% contains much less electrolyte
within the battery pores than is required to fully charge or discharge the battery.
Furthermore, the pore structures and morphology are random leading to higher
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tortuosity for ion transport [10-12]. Salt diffusion into and through the electrode
pore space is slow and can easily limit the battery charge / discharge rate.
An ideal microstructure is one that allows for direct line of sight or path for the
electrode active material access to the electrolyte, for rapid ion-transport
throughout the entire electrode thickness [13]. Therefore, a need exists for
electrode fabrication methods that create microstructures that maximize
electrolyte transport [14], as is needed to achieve high-rate charging /
discharging in electrodes having high mass loading.
Recent work has highlighted the utility of directional freeze casting [15, 16] for
creating battery electrode microstructures having these properties [17-20]. In this
approach, an electrode slurry is rapidly frozen, creating ice crystals that upon
subsequent removal by sublimation leave behind unidirectional columnar
macropores that may be filled with electrolyte. This technique has been widely
used to create hierarchical porosity in ceramic materials, including solid oxide
fuel-cell (SOFC) electrodes [21, 22], tape-cast ceramics [23, 24], and as noted
above, in a few cases, freeze casting has been used to create microstructured
lithium battery materials [17-20]. For SOFC electrodes, it has been used to
optimize the processing parameters for enhanced target properties [25]. Until
now though, to our knowledge, freeze casting has not been used to create
battery electrodes produced by tape casting onto metal foil current collectors.
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1.2 OBJECTIVE
The overall goal of this research is to investigate, both experimentally and
numerically, the effect of electrode porous microstructure on the electrochemical
performance of Li-ion battery electrodes.
The specific objectives are:
I.

Investigation of the effect of Mo doping on the electronic and ionic
conductivity of Lithium Titanite (Li4Ti5O12, LTO)

II.

Development of processing approach to make hierarchical anisotropic
porosity electrodes on current collector

III.

Experimental investigation of the effect of electrode microstructure and
thickness on the electrochemical performance of the electrode

IV.

Numerically simulation to investigate effect of electrode microstructure
(thickness, tortuosity) on Li-ion transport at different discharge rate (Crate) for both normal and freeze tape cast electrodes in order to guide the
design of optimal microstructure

This work advances the state of the art in controlling battery electrode
microstructure and offers a path forward for creating battery electrodes having a
desirable low-tortuosity hierarchical porosity that may also be amenable to
continuous manufacturing. It also provides the simulation tools that can be used
to design the optimal microstructure for specific electrodes.
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2. LITERATURE REVIEW

2.1 LI-ION BATTERY
2.1.1

History and Background

There is some belief that attributes the birth of the electrochemical battery, made
sometime between 150BC-223AD, to Persian civilization [26, 27], by the
discovery of the so-called “Baghdad Battery” as shown in Figure 1, a vessel
founded during archeological excavation in a zone near Baghdad.

Figure 1. a) photo of Baghdad battery b) schematic of Baghdad battery
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Later, at the end of the eighteenth century, Luigi Galvani and of Alessandro
Volta, made the electrochemical cell widely known to humanity. Interestingly, this
important discovery emerged from dispute of these two scientists on frog’s leg,
when they observed frog leg twisted when touched by two different metal [28].
Figure 2 shows Galvani and his experiment on frog leg. The progress of the
electrochemical science is because of Volta’s cumulative discoveries of many
important electrochemical systems. Figure 2 illustrates demonstration of
electricity production from his “voltaic pile” formed by an alternate sequence of
two different metals (zinc and silver disks separated by a cloth soaked in a
sodium chloride solution [29].

Figure 2. a) Galvani and his frog leg experiment b) Alessandro Volta and his pile
[29].

6

In 1866, Georges-Lionel Leclanché invented his battery based on a zinc rod as
an anode and a manganese oxide–carbon mixture as cathode immersed in an
aqueous ammonium chloride solution [30]. Interestingly, this battery concept is
still used, known as carbon–zinc or alkaline cells.

Since the batteries based on the early concepts of Leclanché, Jungner,
effectively not much innovation took place in the field because the technology
was good enough to meet the requirements of at the time. However, the
demands for demand for high-energy density and long-lasting reliable energy
sources as portable energy for military, medical and electronic industry has led
the new era of innovation starting in the late 1960s.

A new concept of using lithium as one of the electrode materials due to its very
negative redox potential and low mass per electrochemical equivalent, the
highest among all metals, was the beginning of new era. One of the first success,
lithium–iodine battery [31], used lithium metal anode with an iodine-based
cathode which could provide a practical energy density of about 250 Wh kg−1.
Indeed, today, almost all the implanted pacemakers are powered by the lithium–
iodine battery [28].

The success of the lithium–iodine battery opened the route for the development
of a series of new batteries to meet the demands of the market such as
electronic watches, toys, and cameras in late 1970s. Special types of lithium
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batteries were developed at that time which consisted of uncommon cathode
materials, such as soluble (e.g., sulfur dioxide SO2) and liquid (e.g., thionyl
chloride, SoCl2) reagents [28].

In the initial stage of the lithium battery technology, all the batteries were of the
primary (not rechargeable) type. The success of these batteries stimulated an
obvious interest for moving to secondary, rechargeable systems. The main focus
was developing a cathode that can stand a long cyclability since in theory lithium
plating was feasible. In 1978, the breakthrough happened with the development
of the so-called “insertion” or “intercalation” electrodes [32].

These materials should have an open structure to prevent the collapse of the
lattice and also are typically based on compounds that can reversibly accept and
release lithium ions by balancing the positive charge of the inserted lithium ions.
Transition metal compounds such as titanium sulfide could meet these
requirements and allow exchange of lithium ions through there layered structure
by a change from IV to III in the valence state of titanium.

TiS2 by Exxon Company in the USA and MoS2 cathode by Moli Energy in
Canada were the first commercial rechargeable lithium cathodes in this field that
appeared in the late 1970s to early 1980s. Dr. Stanley Whittingham, then working
at Exxon, was key to development of metal sulfide cathodes and was co-winner
of the 2019 Nobel Prize in chemistry for this work. However, soon after it was
discovered that lithium anode needs to be replaced by another material since
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lithium is very aggressive and reacts with the electrolyte. New approaches
emerged based on the combination of anodes capable of accepting lithium ions
and cathodes capable of releasing lithium ions and vice versa, giving birth to a
new type of system, called lithium “rocking chair battery” [28].

In 1981, Professor John Goodenough [33] disclosed LiCoO2 as a promising
cathode which can meet the requirements of Li ion battery cathode. He is a corecipient of the 2019 Nobel prize in chemistry for his discovery [34]. In 1991,
Sony commercialized the first Li ion battery with graphite as the “lithium sink”
anode and lithium cobalt oxide as the “lithium source” cathode [35]. Dr. Akiro
Yoshino, the third co-recipient of the 2019 Nobel Prize in chemistry, was key to
the development of carbon-based materials for lithium battery anodes.

In the last three decades, Li‐ion batteries have been dominant power source for
personal digital electronic devices like cell phones and laptop computers [36].
Demand for better Li‐ion batteries is increasing as functionality of mobile
electronics increases.
Electric and hybrid vehicles are another important expanding market for Li‐ion
batteries. However, Li ion batteries in this field should have high power, high
capacity, high charging rate, long life, and low cost. There are many ambitious
plans all over the world to promote electric cars, leading to worldwide interest in
Li‐ion batteries [37].
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Current battery systems achieve specific energies between 50 and 150 Wh kg-1
[38], but further advances are needed to support further market penetration,
particularly in the battery electric vehicle (BEV) area. Thackeray and coworkers
from Argonne National Laboratory present an excellent recent overview of the
challenges that must be confronted to improve specific energy, which include
improving specific capacity and cell potentials of electrode materials without
compromising power, lifetime or safety [39].

These challenges will not be easily met. Andre and co-workers from BWM group
in their recent review on cathode materials for automotive applications suggest a
2025 specific energy target of 250 Wh kg-1 to meet a threshold driving range
target of 300 miles as will be needed to drive further BEV market penetration
[38]. Other groups have set similar targets, e.g. the Electrochemical Energy
Storage Technical Team (EESTT) 2013 Roadmap lists a cell-level specific
energy target of 350 Wh kg-1 with a 2022 target date [40], and the Battery500
program goes even further and sets a specific energy target of 500 Wh kg-1 [41].

These targets are aggressive but not inappropriate given the physical properties
of emerging battery materials and the rapid pace of battery research and
technology advancement in the recent past [38, 39]. The demand for Li‐ion
batteries is increasing rapidly and It is expected that nearly 100 GW hours of Li‐
ion batteries are required to meet the needs from consumer use and electric‐
powered vehicles [42, 43].
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Furthermore, Li‐ion batteries will also be employed as a backup for renewable
energy resources, such as solar and wind, to smooth the difference between
energy supply and demand. This can be done by storing extra solar energy
generated during the day time to supply energy at night [42]. Another important
aspect of Li‐ion batteries is related to battery safety, which can trigger another
extensive researches and developments to enhance safety of Li‐ion batteries, in
addition to pursuing high‐energy density.

2.1.2

Li-ion Battery Principle

A Li-ion battery pack consist of connected basic Li-ion cells in parallel (to
increase current), in series (to increase voltage) or combined configurations. For
instance, the 85 kWh battery pack in a typical Tesla car contains 7104 cells [44].
Typically, a basic Li-ion cell consists of a cathode and an anode soaked in
electrolyte and isolated by separator. Separator is typically a microporous
polymer membrane, which allows the exchange of lithium ions between the two
electrodes but not electrons.
Figure 3 illustrates the basic operating principle of a typical Li-ion battery cell.
During charging process, the electrons are forced to be released at the cathode
and move externally to the anode through external circuit. At the same time, the
lithium ions move in the same direction, but internally, from cathode to anode
within the electrolyte. The opposite occurs during discharging process. Through
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this process, external energy is electrochemically stored in the battery in the form
of chemical energy in the anode and cathode materials with different chemical
potentials [45].
This is also known as “shuttle chair” mechanism, where the Li ions shuttle
between the anode and cathodes during charge and discharge cycles [45].

Figure 3.Schematics of Li-ion battery components during discharge [46].

2.1.3 Li-ion Battery Electrodes
Positive electrodes
Sony first introduced a Li ion battery with LiCoO2 cathode two decades ago [28].
Today, various lithiated metal oxide or lithiated metal phosphate materials are
available as a positive electrode. Desired positive electrode material must satisfy
a number of requirements, which are summarized in Table1 [42, 46].
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Table 1 Requirement for Li-ion Positive Electrode Materials [43, 47].

High free energy of reaction with Li (high voltage vs Li metal potential)
Can incorporate large quantities of Li
Reversibly incorporates Li without structure change
High Li ion diffusivity
Good electronic conductivity
Insoluble in the electrolyte
Prepared from inexpensive material
Low-cost processing

These factors guide materials selection and development. Since the positive
electrode material is the source of all the active lithium ions, it should enjoy large
amount of lithium to provide high capacity [42, 46, 47]. In addition to high number
of lithium ions, the positive electrode should be able to reversibly exchange that
lithium with little structural change to permit long cycle life, high coulombic
efficiency, and high energy efficiency [46]. To achieve high cell voltage and high
energy density, the lithium exchange reaction must occur at a high potential
relative to lithium [46, 47]. Having high electronic/ionic conductivities is also very
critical for high rate charging/discharging process [42, 47].
Another essential feature of cathode material is its compatibility with the other
materials in the cell like not reacting with electrolyte. In addition, the positive
electrode material must have an acceptable cost. To minimize cost, preparation
from inexpensive materials in a low-cost process is preferred. The voltage and
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specific capacity characteristics of common positive electrode materials are
summarized in Table 2 [42, 47].

Table 2. Common Li ion battery positive electrode characteristics [43, 48].
Specific

Midpoint

capacity

potential

(mAh/g)

(V)

LiCoO2

155

3.9

LiNi1-x-yMnxCoyO2

140-180

3.8

Material

(NMC)
LiNi0.8Co0.15Al0.05O2 200

3.73

LiMn2O4

100-120

4.05

LiFePO4

160

3.45

LiNi0.5Mn1.5O4

130

4.6

LiCoO2 is the most commonly used cathode material in lithium ion batteries. The
cathode reaction is represented by Equation 1 [42]:

LiCoO2= 0.5 Li+ + 0.5 e-+ Li0.5CoO2

Eq 1

The maximum potential resulting from the removal of lithium from LiCoO 2 is
roughly 4.2 V (vs. Li/Li+). This means that about half of its theoretical capacity,
140 mAh g-1, is used in the phase transition between LiCoO2 and Li0.5CoO2 [48,
49].
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Spinel oxides with AB2O4 formula are another class of cathode material Like
LiMn2O4 (LMO). The spinel structure promotes the movement of lithium ions
because it creates a three-dimensional framework [47, 49, 50]. Although LMO
reversible capacity is less than that of LCO, it delivers a possible capacity at 100
to 120 mAhg−1. One of the major advantage of LMO is small volume change at
room temperature during charging/discharging cycles due to the fact that its
spinel structure with the layered structure [49]. LMO disadvantages are its low
capacity and poor cycle and calendar life(health of battery when is stored) at high
temperature [50].
LiNixCoyMn1−x−yO2 (NMC) is an alternative to LCO after significant research and
development (R&D) efforts. This class of cathode material offers slightly lower
energy density and maintains the same crystal structure as LCO, but has great
benefits such as lower cost, lower toxicity, less likelihood of safety risks, more
cycle life and higher capacity due to the partial Ni and Mn substitutions for Co
[38, 49]. Currently, LIBs using NMC as cathodes have been used in the
automotive industry. For example, LiNi1/3Co1/3Mn1/3O2 and LiNi0.6Co0.2Mn0.2O2
have been adopted as cathodes for plug-in hybrid electric vehicles (PHEVs) [38].

Negative electrodes
Graphite is the most conventional anode material. Lithium ion intercalation in
graphite can be described by Equation 2 [47, 49, 51] :
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M + x Li+ + x e− ↔ LixM

Eq 2

Graphite in its natural or artificial form has been widely used in LIBs for mobile
devices. Graphite has a theoretically at 372 mAh g-1 or 975 mAh cm-3 and is able
to deliver 360 mAh g-1 with high discharge/ charge efficiency [52]. However, due
to low intercalation voltage of it, ethylene carbonate, the most conventional
solvent of electrolytes for LIBs, decomposes during the first charge discharge
cycle and forms a passive layer on the surface of graphite. It has been reported
that about 10% of capacity is lost at this stage [52].
In addition, carbon/graphite suffers from serious shortcomings, including
formation of highly reactive dendritic lithium on the electrode surfaces at a high
discharge rate [52]. The dendritic lithium can easily penetrate through the porous
separator, causing an internal short circuit, thus posing a signiﬁcant safety
concern [53].
Among various alternate anodes, LTO with a cubic spinel structure is a lithium
insertion host with the high lithium insertion extraction voltage of 1.5V [46]. High
insertion extraction potential of 1.5V ensures excellent safety since it is able to
inhibit the formation of the solid electrolyte interphase (SEI) from the reduction of
the organic electrolyte and for the formation of dendritic lithium [46]. Due to
scarcity of anode material and also low capacity of LTO, we have chosen to
make a ultrathick electrode of LTO in this attempt. More detail about LTO is
provided in next section.
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2.2 LITHIUM TITANATE (LTO) AS LI-ION BATTERY ELECTRODE
2.2.1 LTO History
Spinel LTO (also reported as Li1.33Ti1.67O4, Li4/3Ti5/3O4) was first reported by
Jonker in 1956 and is an important member of the solid solution family,
Li3+xTi6_xO12 (0 <x <1) [54, 55]. Spinel structure have a general chemical formula
of AB2O4. The oxygen ions (32e) form a cubic-close-packed (ccp) array with
tetrahedrally (8a, 8b, 48c). Octahedral (16c, 16d) coordinated interstices partially
occupied by the A and B cations [46].
LiTi2O4, one extreme of Li3+xTi6_xO12 family (for x = 0), exhibits superconductivity
at temperatures below 10 K [56] and on the other extreme of Li3+xTi6_xO12 (for x =
1), is a semiconductor down to liquid helium temperatures [57]. Murphy et al. first
reported the capability of LTO for lithium intercalation [58] and Colbow et al, in
1989, first measured the galvanostatic charge–discharge properties of a Li/LTO
half-cell [46, 59]. He was the first researcher who reported that the material
exhibited a plateau (1.55 V) in its discharge voltage profile and stable
performance up to 100 iterations [46, 59]. Ferg et al. may have been the first to
propose LTO as an anode material for LIBs [46, 60]. The interest in LTO is
increasing such that 200 articles were published in 2013, indicating the huge
interest in this material [46].
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2.2.2

Crystal Structure and Phase Stability

Figure 4 shows crystal structure of LTO. The basic crystal structure of LTO is a
cubic spinel crystal structure with an Fd3¯m space group and a unit cell
parameter reported to be between a = 8.352 and 8.370 A˚ [46, 61-63].
At room temperature, all of the 32e sites are occupied by O atoms. Tetrahedral
8a sites are occupied by Li+ ions alone, while the octahedral 16d sites are
randomly occupied by 1/6 Li+ ion and 5/6 Ti4+ ions [46, 61-63]. The other half of
the octahedral cation sites in the ccp structure (16c sites) and both the
tetrahedral 8b and 48f cationic sites are empty and are suitable for lithium
insertion and extraction [61-63]. During the electrochemical intercalation, the
incoming lithium ions occupy the octahedral 16c sites and the lithium ions that
initially locate at the tetrahedral 8a sites are simultaneously moved into the
neighboring 16c octahedral sites due to electrostatic repulsion effects that
generate a rock-salt phase, [Li2]16c[Ti 5/3Li1/3]16d O. This phase has the same
lattice symmetry as LTO (Fd3m) [64].
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Figure 4. Crystal structure of LTO showing the three lithium sites: yellow, green
blue are indicative of tetrahedral 8a, octahedral 16c and octahedral 16d,
respectively. Small gray and large red balls are titanium and oxygen atoms,
respectively [47].

Ohzuku et al. in 1995 was the first to report the ‘‘Zero-strain’’ characteristic of
LTO upon intercalation by showing that the lattice constant for the initial state of
Li[Li1/3Ti5/3]O4 is the same as those for the other 8 different states of
Li1+x[Li1/3Ti5/3]O4 (0 < x < 0.91) (a = 8.370 A˚) [62].
High intercalation voltage, high thermal stability, cost-effectiveness, and absence
of volume change make LTO to be a very safe alternative to graphite [46].
However, LTO is suffering from very low electronic conductivity (in the range of
10-13) and also low lithium ion diffusion coefficient (10-8 to 10-13 cm2/s) [46].
Therefore, electronic conductivity improvement of LTO is essential in order to
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increase its liability as anode. Synthesizing nanoscale LTO, making composite
with conductive material, surface coating, surface modification and doping are
several strategies that have been investigated in the past decade to achieve high
electronic conductivity [46]. These strategies are discussed in the next section.

2.2.3 LTO Electronic and Ionic Transport Properties Improvement
Both electronic and ionic conductivities of LTO are of great importance since Li+
intercalation/deintercalation in LTO involves transport of both lithium ions and
electrons. However, the electronic conductivity is relatively low (10-8 to 10-13
S.cm-1) [64, 65] due to opening of band gap between the occupied O-2p states
and the empty Ti-3d states [66].
By the initial steps of charging or so addition of electron into LTO lattice, its
electronic conductivity will substantially increases to the range of 10-2 S cm-1 [64].
In fact, having high electronic conductivity is critical to enhance rate capability of
LTO electrodes.
Two most widely used approaches for enhancing transport properties are surface
coating and doping. Carbon coating is one of most investigated methods to
improve the conductivity. Several carbon sources, including starch [67], super P
[68], pitch [69], toluene [70], and glucose [71], etc., have been studied and it was
shown that battery performance depends on the type of carbon source. Another
method of enhancing LTO conductivity is through coating with conductive metals.
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Copper [72, 73], silver [74, 75] and Ag [74, 75] are among the metals that have
been widely investigated. In addition, It was reported that heat treatment of LTO
under ammonia atmospheres can lead to formation of TiN and hence higher
capacity of LTO at higher C rates [76]. Numerous researches has been done on
doping at 8a tetrahedral Li+ site, 16d octahedral Ti4+site and oxygen anion site,
including Mg2+ [65, 77, 78], Mo4+ [79], V5+ [80-82], Nb5+ [83-86], La3+ [87, 88], Na+
[89-91], Zr4+ [92, 93], W6+ [94-96], F- [97, 98], and Br- [94], have been studied.
In addition to coating and doping strategies, thermal treatment in a reducing
atmosphere [99, 100] or in presence of carbon [101] (carbothermal reduction),
resulting in enhanced electronic conductivity of LTO on up to 10-7 S/cm by
generating oxygen vacancies (Vo) which can induce partial reduction of Ti4+.
However, partially reduced state of Ti3+ in the LTO lattice is unstable in ambient
atmosphere and deoxidizes into Ti4+, resulting in diminish of conductivity over
time. Moreover, oxygen vacancies generated by partial reduction can lead to
lattice distortion and ultimately a decrease in Li ion mobility in the LTO lattice.
Apart from electronic conductivity, Kamata et al. studied the lithium motion in
LTO and reported high value for lithium diffusion coefficient using neutron
radiography [102, 103]. At elevated temperatures, lithium ion can migrate from
the 8a tetrahedral sites to the octahedral 16c sites, causing phase transition from
a spinel to a defective rocksalt structure and hence an increase in lithium-ion
conductivity [104]. However, this phenomenon doesn’t hold in room temperature
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as Fehr et al. reported a substantial decrease in electrical conductivity of LTO
from 10-4 to 10-6 S cm-1 at 500 K to 3×10-10 S cm-1 at 300 K [105].
Apart from temperature, composition also affect the Lithium conductivity. Takami
by means of potential step chronoamperometry with a spherical diffusion model,
reported the lithium diffusion coefficients of 10-12 and 1.6 ×10-11 cm2 s-1 for
Li7Ti5O12 and LTO phases, respectively [106].
Song et al [107] reported that doping LTO with 3 wt% Mo6+ is able to increase the
ionic and electronic conductivity of LTO up to 10 mS/cm (highest among reported
conductivity value of doped LTO) and also stabilize the conductivity by prohibition
of oxygen vacancy generation. In this attempt, we investigate the effect of Mo
doping at various a level on LTO electronic and ionic transport, as well as the
stability in air atmosphere.

2.3 ANISOTROPIC HIERARCHICAL POROUS MICROSTRUCTURE
Materials with controlled porosity have attracted much attention due to their
special features and properties which cannot be fulfilled by their conventional
dense counterparts.
Low thermal conductivity, low thermal mass, low density, low dielectric constant,
high specific strength, high permeability are among the unique characteristics of
porous ceramics, making them indispensable for a wide range of engineering
applications like filtration [108], heat insulation of buildings [109], refining metals
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and alloys by inert gas blowing via porous ceramics [110], cooling hot surfaces
by feeding pressurized gas via porous ceramics [111], and catalyst carriers in
various chemical processes [112].
By controlling the microstructures, volume fraction like open or closed porosity,
and pore size distribution and pore morphology, the properties of the porous
ceramics can be modified for each specific application. All of these
microstructural features are greatly affected by the fabrication methods, the most
common of which (usually for low porosity < 60%) is the partial sintering of
initially porous powder compacts or sintering of powder mixtures that can form
pores through solid-state reactions [113].
In addition to this direct technique, several novel fabrication methods have been
developed for porous ceramics with controlled microstructures in order to satisfy
the requirements. These can for the most part be classified into six general
processing methodologies. These have been schematically depicted in Figure 5.
Briefly they are:

1. Bottom-Up Techniques
Structure small building blocks, (ceramic particles or polymer spheres) into a
larger monolith. Usually surfactants are used to order the packing of the bottomup building blocks [114].
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2. Top-Down Techniques
Starts from bulk material and removes material from where porosity is desired.
[115].

3. Phase Segregation
Try to distinct phases dispersed throughout the system through phase
segregation. Often times, one of the phases will be subsequently removed,
producing porosity [116].

4. 3D Printing
It involves of taking a polymer or ceramic slurry and literally printing it in a layer
by-layer fashion. This relatively new technique has boomed in recent years and
the new technologies for high precision have emerged [117].
5. Emulsion Techniques
A mixture is foamed through the evolution or addition of various gases. These
systems can retain their foamed structure after calcination due to the surface
tension of the bubbles, producing very high levels of porosity [109].

6. Sacrificial Templating
The sacrificial phase technique is another widely used method for the fabrication
of porous ceramics [118]. The first step involves dispersing a sacrificial phase in
the initial ceramic powder or its precursors to obtain a biphasic mixture [119]. The
homogeneity the sacrificial phase distribution in the matrix is critical because this
will dominate the final porous structure. At the second step, the sacrificial phase
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is removed from the mixture. This can be done through either pyrolysis or by
another technique such as sublimation or evaporation to obtain a cellular
structure. Subsequently, the green body undergo this is sintering process [119].
The final porous structure is a negative replica of the initial sacrificial phase, as
opposed to the positive cellular structures achieved from the replica method.
The main merit for the sacrificial phase method is the feasibility of modification
the pore size, porosity and pore morphology of the final products by appropriate
choice of the sacrificial phase. Moreover, defects in the ceramic walls can be
avoided due to the negative replica of the initial sacrificial material [118]. Some
example porous structures are shown in Figure 5. Figure 5 presents the
examples of the six general categories discussed to show the broad range of
structures possible.

25

Figure 5. Architectured porous ceramics (a) Self-organized porous alumina
[115](b) Unidirectionally porous ZrO2 prepared by selective etching [116] (c)
Hierarchical ceramic from sol-gel process [117] (d) 3D-printed bone scaffold
[118] (e) Particle-stabilized ceramic foam [121] (f) Porous ceramic from silicified
wood [122].

The technique that we have chosen to focus on to generate anisotropic,
hierarchical ceramics is known as directional freeze-casting or also unidirectional
ice templating and freeze-gelation. Freeze-casting is a combination of a bottomup technique combined with phase segregation.
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2.3.1 Freeze Casting Principle
Freeze casting technique is one of the most innovative techniques, providing
highly porous ceramics with a well-controlled hierarchical and anisotropic porous
structure [120-123]. This process takes advantage of the highly directional
growth of ice crystals within ceramic slurry followed by removal of the ice crystals
by sublimation to controllably template an anisotropic porous ceramic. In freezecasting, the particles in suspension in the slurry are rejected from the moving
solidification front and piled up between the growing cellular solvent crystals.
Figure 6 show the steps in freeze casting technique. The green body can then
be partially sintered to obtain a hierarchical structure with aligned macro-pores
(∼10–100 micron) that alternate with microporous ceramic walls. A simple
sintering process, a wide range of porosity, applicability to various types of
materials, and cost-effective production are some of the merits of this technique.
Because freeze-casting is a physical process, the techniques developed for one
material system can be applied to a wide range of materials. Additionally, the
technique has found application in a number of disparate fields such as tissue
scaffolds [124, 125], photonic structures [126], metal-matrix composites [127],
dentistry [128], materials science , and even food science [129].
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Figure 6. Steps in the freeze-casting process, adapted from Deville et al.[16]

2.3.2 Influence of Processing Parameters of Freeze Casting
Suspension Medium
The processing conditions and the characteristics of the desired structure highly
depends on suspension medium. Aside from water, camphene [130, 131] or
camphene mixtures [132], and naphthalene-camphor [133] are the most common
choices. For choosing a suitable solvent for freeze casting solidification
temperature, volume change due to solidification, viscosity, vapor pressure in
solid state to allow sublimation under reasonable conditions of temperature and
pressure, environmental issues and price need to be considered. In addition,
additives can be highly effective and versatile in changing the morphology of
pores by altering the growth kinetics and microstructure of the ice and the
topology of the ice-water interface [134].
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Ceramic powder
All freeze casting process is based on the interaction between the particles and
the solidification front and the size of the particles size, distribution, and shape;
surface roughness; and surface tension are a number of parameters that
influence these interactions. The particle size affects the relationship between the
solidification kinetics and the structure wavelength [135].

Slurry specification
As in any ceramic process, the formulation of the slurry must be carefully
optimized. Any segregation effects are highly detrimental to homogeneity
structure in the sintered materials, therefore having a slurry that be stable during
the entire duration of the freezing stage is of great importance. Concentration of
the starting slurry also modifies the microstructure. The final porosity of the
material is directly related to the volume of solvent in the suspension.
Approximately from 25 to 90 % porosity content can be achieved through freezecasting. Additives can be desirable to modify the morphology of the porosity
(through the shape of the solvent crystals) or modify the interaction between the
particles and the solidification front. For example, polystyrene [136] or glycerol
[137], are known to have a profound effect on the viscosity, surface tension to
modify the supercooling effects. Other additives have already been tested are
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sucrose [134], ethanol [134], coca-cola [134] polystyrene [130, 136], gelatin [138,
139], anti-freeze protein (AFP) [140, 141], polyvinyl alcohol (PVA) [142].

Solidification condition
This is the critical stage since continuous crystals of solvent are formed and grow
into the slurry. Ceramic particles in suspension in the slurry are rejected by the
moving solidification front, concentrated and entrapped in-between the growing
crystals. The slurry in a mold undergoes isotropic or anisotropic cooling to induce
homogeneous or directional solidification. Several devices have been designed
to provide a control of the solidification conditions [15, 137].
The solidification conditions depend on the initial choice of the solvent. For
example, low temperatures (< 0 °C) are required when using water, while room
temperature is sufficient for camphene with around 44–48 °C solidification point.
The cooling conditions will largely dictate the characteristics of the growing
solvent crystals and hence the final characteristics of the porosity.
The directionality of the solidification is another parameter that directly
determines the desired directionality of the porosity [143]. In the case of small
temperature gradient, a random orientation of the porosity is obtained since the
crystals can nucleate at any place and have no preferred growth direction.
However, a temperature gradient forces the solvent crystals to grow along the
temperature gradient. Based on condition, pore channels can run through the
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entire sample, reaching dimensions of a few centimeters with tortuosity of 1
[125]. In addition, if the slurry poured over a cold finger maintained at a constant
and cold temperature is to be partially quenched, the initial freezing is not steady
and results in completely random orientation over the cross-section parallel to the
ice front while colonies of locally aligned pores are observed [125, 144].
Homogeneous freezing (constant temperature gradient) results in an oriented
and continuous lamellar porous architecture in both the parallel and
perpendicular directions of the ice front. By increasing the freezing kinetics, the
solidification front speed increases which results in the finer is the microstructure.
The empirical dependence between the wavelength ʎ (or the lamellae thickness)
and the speed of the ice front in the direction parallel to the temperature gradient
(ʎ) can be described with a simple power law (ʎ= A ʋ-n) [123].

Figure 7. Lamellae thickness vs. ice front velocity, porous lamellar alumina [126].
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Sintering
After the ice from frozen suspension medium has been removed by sublimation,
a porous structure (green body) needs to be sintered for increasing its
mechanical strength. The sintering stage can be optimized to control the
porosity/density of the final piece. Aeron et al studied the effect of sintering on
the densification of the wall and macro porosity channels [145, 146]. He reported
that upon sintering both micro and macropores shrinks however, the rate of micro
porosity shrinkage is noticeably higher than macro porosity [145, 146].

2.3.3 Limitation
Solid content in slurry and green body density
As the solidification front proceeds, dendrites of the solidified solvent grow into
the liquid, pushing the ceramic particles into the inter dendritic spaces. This
phenomenon causes an increase in remaining suspension concentration.
Eventually, the solid/liquid interface moves into the interparticle spaces (Figure
8.). This phenomenon has been called ‘‘breakthrough’’ [147].
Taking into account the capillary force pushing the particles with the interface
and the countering force, Shanti et al. [147] developed a simple model to
describe the resultant osmotic force. He reported that by small modification,
dependent upon particle size and surface tension, of the maximum packing of
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particles at the point of jamming, particle volume fraction at breakthrough can be
found [147]. The predictions, which agreed with observation for the alumina–
camphene system within about 4%, suggested that nature of the solvent and
particles has trivial effect on breakthrough while amount of solid content has a
profound part to play [147]. If the solid content already exceeds the breakthrough
concentration, the solid/liquid interface moves into the interparticle space before
any particle redistribution can occur [147].

Figure 8. Redistribution of particles during solidification. (a–b) until the capillary
pressure exceeds the osmotic pressure (c), at which point the solid/liquid
interface moves into the interparticle space(d) [150].
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Directionality of porosity
The directionality of the porosity can be controlled by the solidification conditions,
unidirectional solidification yielding similarly oriented structures. Figure 9 shows
ceramic tube with a radial porosity, a feature making them useful as filters [148].
Proper and homogeneous control of the direction of propagation of the
solidification front in complex geometries is an experimental setup issue.

Figure 9. Radial porosity in a tubular structure [151]

Wall thickness
A number of studies [119, 123, 135, 149, 150] have revealed the relationships
between the solidification kinetics (i.e., the solidification front speed) and the size
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of the macro pores of the freeze cast ceramics. Researchers identified several
parameters to predict the dendritic spacing as a function of the solidification
kinetics. The faster the freezing rate, the finer the resulting structure, as shown
before. Limits are nevertheless encountered in the case of porous ceramics. One
limit is related to the critical velocity, above which particles are entrapped by the
moving interface and porosity is disappearing from the final structure to
entrapment [151]. Although upgrading the experimental setup to increase the
freezing kinetics will be helpless, several parameters like solid content in the
slurry, the particle size and the properties of the solvent seem to affect this
critical velocity [135].

2.3.4

Tape Casting

Figure 10 shows a simplified schematic of tape-casting equipment.

Figure 10. Schematic of a tape-casting machine.

The substrate for the processed green tape is a film often made of Mylar or
polyethylene is made to run over a flatbed. the container which holds the slurry is
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equipped with a gated Vernier adjustable slot at the bottom. The slurry is drawn
by friction between slurry and film through the slot to make a tape-like structure
along the length of the flat bed. The slurry, in most cases, is a highly viscous
semi-fluid containing solid metallic and/or ceramic constituents together with
polymeric binder and dispersant.
The thickness of the green tape can be altered by adjustment of the so-called
“doctor blade”. Viscosity, slurry consistency, doctor-blade shape and the film
sliding speed determined the difference between the relative thickness and the
resulting absolute thickness. Among all of the parameters, the consistency of the
slip is the most important one. The slip basically consists of the solid particle, a
solvent, a dispersant, a binder and an optional plasticizer. The need for tight
control all parameters with great precision to control the microstructure of the
green and subsequently the sintered tapes is the main drawback of the tape
casting technique. There is also the risk of cracking. Tape casting is the main
approach of making Li-ion battery electrodes in these days.
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2.4 LI-ION BATTERY SIMULATION
2.4.1 Introduction
One of the methods which is used to describe the performance of battery is
through mathematical modeling to develop set of equations [152]. To understand
the electrical characteristics of the Lithium-ion battery, battery models are
essential. For example, battery capacity is finite and once it is exhausted the
system shuts down, as a result, maximizing battery capacity is of great issue.
Similarly, battery state of charge (SoC) is essential parameter to power
management and it shows the available capacity [152, 153]. There are quite a
few parameters that influence battery performance such as load current,
temperature and state of charge, showing the necessity of good battery models.
There are different modeling categories with different approaches including
mathematical models, electrochemical models, electrical equivalent circuit
networks [154] or combination of them [155]. A good model should be close to
experimental data with minimum complexity and computational cost.

2.4.2 Empirical Models
In this methods, parameters of a set of equation which can describe the battery
behavior are fitted to experimental data. They are easy to configure, but the
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computational results are the least accurate. So, they are more applicable to the
imprecise capacity evaluation.

Peukert’s law
Equation 3 first proposed by Peukert, expresses the capacity of a lead-acid
battery in terms of the rate at which it is discharged. Although its actual capacity
tends to remain fairly constant, a battery's apparent capacity decreases as the
discharge rate increases. Peukert’s equation is expressed as follows [153]:

𝐶𝑝 = 𝐼 𝑘 × 𝑡

Eq 3

where 𝐶𝑝 is the capacity, I is the discharge current, t is the time of discharge and
the empirical parameter k is the Peukert constant. The constant k is related to the
structure of the battery and shows whether the battery’s behavior is good or not.
For an ideal battery k would be equal to one and the battery should reach its best
performance. As k increases, the battery capacity fade increases as dischrage
rate increases. This expression is not suitable for time-varying loads since the
average current does not adequately represent the battery discharge conditions
[156].
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Development of empirical model
One reasonable approach to quantify loss of battery performance, as discharge
rate increases, is to attribute such losses to different parts of cells like into those
arising from the electrodes, those arising from the electrolyte, and so on.
The use of AC impedance as a diagnostic tool for electrochemical systems
emerged in the 1970’s, which represents the battery as a circuit consisting of
traditional electrical components, such as resistors and capacitors, as shown in
Figure 11 [152].

Figure 11. Equivalent circuit representation of a cell [155].

Figure 11 presents a circuit diagram to represent a single cell. The behavior of a
battery can be explained in terms of the values for the circuit elements shown in
Figure 11. The voltage source V0 represents the open circuit voltage (OCV) of
the battery. R refers to ohmic drop inside the battery that causes voltage drop
due to passing current through the electrolyte and contact resistances. Rct and
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CD together represent charge transport across the interface. Rct refers to the
Faradaic part of the charge transfer resistance, and CD is a term often used to
characterize mass transfer limitations. Characterization of the ideal behavior of
the battery as the change in V0 during a discharge can be studied by these
parameters.
Any deviation from the open circuit voltage is due to limitations in the transport of
ions, ohmic drop, kinetics of the reaction, etc. [152]. Any such non-ideality can be
captured as a change in one of the parameters. For example, difficulties in the
electrochemical reaction are represented by changes in the value of Rct.
Prior knowledge of the battery’s behavior or trial and error fitting is needed for the
development of the emperical model since this model relates the operating
conditions such as the rate of discharge or the load across the battery with the
measured quantities such as the temperature or voltage of the battery. A popular
objective of a battery model is to predict the cell voltage as a function of the
state-of-charge (SoC) of the battery.
This section demonstrates the development of such a relationship for the circuit
shown in Figure 11. The voltage drops across each of the resistors R and Rct
follows Ohm’s law. The rate of charge buildup in the capacitor CD equals the
current that flows through the capacitor. This behavior is expressed
mathematically as follows [152]:

𝐼2 =

𝑑𝑞

Eq 4

𝑑𝑡
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the currents that flow across the different branches of the circuit and the voltage
across each branch are related by Kirchoff’s node-and-loop rules. These rules
state that the voltage across any branch is the sum of all voltage drops along the
branch and that the sum of all currents that enter or exit a node on the circuit is
zero. Hence according to Kirchoff’s laws we have [152]

𝐼 = 𝐼2 + 𝐼3

Eq 5

The following equations yields the constraint on the voltage across each branch
[152]

𝑉 = 𝑉0 + 𝐼𝑅 + 𝐼3 𝑅𝑐𝑡
𝑉 = 𝑉0 + 𝐼𝑅 +

Eq 6

𝑞

Eq 7

𝐶𝐷

Equations 6 and 7 can be rearranged to obtain the relationship between the
change in the applied current, I, with time, dI/dt, and the resultant voltage drop,
(V-V0) [152].

𝑅

𝑑𝐼
𝑑𝑡

+

1
𝐶𝐷

𝑅

𝑑𝑉

𝑐𝑡

𝑑𝑡

(1 + 𝑅 ) 𝐼 =

+

1
𝑅𝑐𝑡 𝐶𝐷

(𝑉 − 𝑉0 )

Eq 8

All the component model for each element is now included in Equation 8. For the
case of constant current, the solution takes the following form [152]:
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𝑉=

𝑄0
𝐶𝐷

𝑒

−𝑡⁄
𝑅𝑐𝑡𝐶

+ 𝑉0 + 𝐼𝑅 + 𝐼𝑅𝑐𝑡 (1 − 𝑒

−𝑡⁄
𝑅𝑐𝑡 𝐶𝐷 )

Eq 9

This model equation relates the change in cell voltage, V, to the input current, I.
The total capacity of the battery is Q0. The change in cell capacity during a
charge or discharge is calculated by integrating the current passed as follows
[152]:
𝑡

𝑄 = 𝑄0 − ∫0 𝐼𝑑𝑡

Eq 10

The value of V0, CD, R, and Rct are adjusted to represent the experimental data
of interest [152].

2.5 ELECTROCHEMICAL MODEL
Batteries can be modelled using physics-based methods. Electrochemical battery
models can explain internal electrochemical dynamics of a battery [157]. Among
all battery models, electrochemical battery models are the most accurate as they
capture key behaviors of battery at the microscopic scale based on the chemical
reactions occurring inside the battery [152, 158].These models are excellent and
can be used to complement experimental data for evaluation of other models
[158].
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Electrochemical battery models consist of a set of coupled partial differential
equations (PDEs). These equations explain how the cell's potential is produced
and affected by the electrochemical reactions taking place inside the cell. The
isothermal electrochemical model developed by Doyle et al. [157] for
galvanostatic discharge is the root of the electrochemical modelling efforts of
researchers in this field. A macro-homogeneous porous electrode theory
approach, developed in 1972 by Newman [159] shown in Figure 12, to describe
the potential variations in the solid and solution phases was adopted by
Gomadam [160].

Figure 12. Doyle/Newman pseudo 2D single-particle model [163].
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In this model the material balance in solid phase is described by a Fickian
diffusion equation in spherical coordinates and in the solution phase is described
using concentrated solution theory. This model was used in this thesis and the
details of this model will be discussed in detail in chapter 3.

2.6 ELECTRICAL EQUIVALENT CIRCUIT MODEL
Model equivalent circuit (EC) emerged because of the complexity of the
electrochemical models and limitations of the computers in the past modelling
approaches. Nowadays, for any applications especially in EV, a balance between
model complexity and accuracy it of great importance to be able to provide
accurate results in real-time [161]. These models have been used in a wide
range of applications and various types of batteries because they have less
complexity [162, 163].
The simplest form of an EC battery model is the internal resistance model [164].
In this model VOC is an ideal voltage source, Ro a ohmic resistance, Vt a battery
terminal voltage and I a load current (Figure 13 a). Adding one Rct network to the
internal resistance model can increase its accuracy by considering the
polarization characteristics of a battery. Figure 13 b illustrates such models which
are called ‘Thevenin’ models [165]. In this Figure 13, Rct and CP are equivalent
polarization resistance and capacitance respectively. The electrical equation of
Thevenin model (1RC model) in the Laplace domain is as follows [158]
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𝑉𝑡 (𝑠) = 𝑉𝑜𝑐 (𝑠) − 𝐼(𝑠)(𝑅0 +

𝑅𝑐𝑡
1+𝑅𝑐𝑡 𝐶𝑝 𝑠

)

Eq 11

A review of different Thevenin-type battery models is presented in [166]. Adding
more RC networks to the battery model may improve its accuracy but it increases
the complexity too. So, a compromise is needed when computational effort and
time are vital.

Figure 13. a) Internal resistance battery model b) Thevenin model [161].

Having an EC model, parameters of the model need to be determined.
Electrochemical Impedance Spectroscopy (EIS) [167] is a classical method for
determining EC battery model parameters [168].
In this method, an expression for the equivalent impedance of the model from the
equivalent circuit is obtained in the frequency domain, theoretically. Then it is
related to experimental data of the electrochemical impedance at an applied
potential. So, the impedance at the specific frequency can be obtained by
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applying an AC voltage and measuring the current (amplitude and phase) under
steady-state conditions. The input's amplitude should be not too low to be
confused by noise and not be too high to avoid nonlinearity effects[158]. So, the
system is considered pseudo-linear in a limited range. The frequency of the AC
input slowly varies during the test from very small to very large values and the
impedance spectrum is plotted as a function of the frequency.
Figure 14 illustrates a specific system and its impedance-frequency plot. The
equivalent impedance of this system is obtained using the following equation
[158]:

𝑍𝑒 = 𝑅0 +

𝑅1
1+𝑗𝜔𝑅1 𝐶1

Eq 12

where j is the unit imaginary number, ω is the frequency and the other
parameters are depicted in the Figure 14. This formula is easy to relate to the
plots obtained in EIS tests, so the model's parameters can be obtained by fitting
the experimental data to theoretical model. All the parameters should be
obtained under steady-state conditions like a fixed state of charge (SoC),
temperature, etc. As a results, tests must be repeted over the range of
conditions of interest. There are examples of this approach in the literature [169,
170].
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Figure 14. Variation of impedance at different frequencies [161].

2.7 SUMMARY
Current vehicle battery cathodes tend to be limited to electrode thickness of 75
micrometers and areal mass loadings of 15-25 mg.cm-2 [1]. Further advance in
energy density is need for further market penetration. In seeking to increase
battery specific energy, an increase of electrode thickness is of great interest.
Unfortunately, electrode thickness cannot be increased without bound due to
limits on transport rates of electrons and lithium ions in the electrodes [10, 171,
172]. Solid-state lithium ion diffusion is slow even for the best battery materials.
Lithium transport in the liquid electrolyte can also be rate-limiting as lithium ions
in the electrode pore space are depleted and must be replenished by salt
diffusion from the bulk electrolyte, through the electrode pore network.
Attempts to increase mass loading and electrode thickness beyond these limits
without adjusting electrode microstructure usually result in large portions of the
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active material being inaccessible except at quite low charge / discharge rates
that would be unacceptable for vehicle use. A key to accessing all of the active
material in a thick electrode while not compromising on power is to introduce
macroscopic porosity into the electrode[13].
In this thesis, lithium titanite (Li4Ti5O12, LTO) was chosen as a safe alternative to
graphite for battery anodes. However, since conventional LTO has a low
electronic/ionic conductivity, the effect of various level of Mo doping on
electronic/ionic conductivity of LTO is studied. In addition, a method for creating
electrodes having unidirectional hierarchical porosity using directional freeze
casting of tapes (freeze tape casting) has been developed to produce supported
thick film electrodes. The effect of electrode thickness and microstructure, on the
electrochemical perfromance has been investigated, both experimentally and
using numerical simulations.

48

3. MATERIALS AND METHOD
3.1 SPECIMEN PROCESSING
3.1.1 Active Material Synthesis
Li4Ti5-αMoαO12 (α = 0, 0.1,0.15, 0.2, 0.3, 0.4) samples are prepared by a simple
solid-state method. Stoichiometric amounts of Li2CO3, TiO2 and MoO3 (for α > 0),
all purchase from Sigma Aldrich, are mixed in ethanol using a high-energy ball
mill for 1 h (8000 Mixer/Mill, Spex sample Prep). In order to compensate for the
Li loss at high temperature, 2.1 mole equivalent of Li2CO3 is used. After drying
slowly by evaporation of ethanol, the mixture is heat treated at 800 ◦C with 5 oC
min-1 for 5 hours under a reducing gas of 10% H2 and 90% Ar [173].

3.1.2

Aqueous Slurry Preparation

A slurry of active material (86wt%), Timcal graphite powder (9.57 wt%, MTI
corporation), CMC (carboxymethyl cellulose, 0.8 wt%, MTI corporation) and SBR
(styrene-butadiene rubber,3.7 wt%, MTI corporation) was prepared in distilled
water. Initially CMC was added in water at 90°C with continuous stirring and
waited till the CMC get completely dissolved. Then at room temperature SBR is
added with continuous stirring. For a homogeneous slurry, the active material
powder and graphite powder were thoroughly mixed and ground, and then slowly
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added to the beaker with continuous stirring. The slurry was then stirred for
overnight. The slurry of this composition has a suitable viscosity for tape casting.
Any higher amount of CMC increases a viscosity sharply. SBR doesn’t increase
viscosity and provide flexibility due to its rubbery nature. In general, a lower SBR
amount is the better because it reduces the electronic conductivity of the tape
sharply. A SBR amount lower than 3.7% results in cracking during drying of the
tape. Due to the crucial importance of electronic conductivity, especially on
freeze tape-cast samples, 9.5wt% carbon was chosen.

3.1.3

Normal and Freeze Tape Casting

Once the slurry is ready, it is coated onto a piece of battery-grade copper foil
(MTI corporation-11 μm thick coated with conductive carbon) using a dispenser
followed by tape casting using the doctor blade adjusted to the desired liquid film
thickness. Normal tape-cast samples were dried in ambient atmosphere. In the
case of freeze-tape casting, without any delay one edge of the tape is placed
over the cold copper finger (already set at the desired temperature) and the tape
was slowly pulled over the cold finger at a constant speed of 4 mm s−1. Frozen
tapes were immediately freeze dried at temperature of −20◦C and pressure 0.03
mbar for 3 h to remove the ice and leave behind hierarchical anisotropic porous
electrodes. Figure 15 shows the freeze tape casting unit that was used in this
work.
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Figure 15. Freeze tape casting unit attached with a motor for controlled tape
pulling speed.

3.1.4

Half-cell Making Process

For battery testing, LTO / MoLTO electrodes are placed in a coin cell model
CR2032 electrode body with a lithium metal anode and porous polymer separator
(Celgard 2325, 25 μm microporous trilayer PP/PE/PP membrane) in a 1M lithium
phosphate hexafluoride (LiPF6) in 3:7 w/w EC:EMC (ethylene carbonate:
dimethyl carbonate) electrolyte solution to form a Li-ion battery cell. All the
components other than LTO and MoLTO were purchased from MTI Corp. Cell
assembly was performed in an argon-filled glove box. In these cells LTO /
MoLTO electrodes act as a cathode vs a Li metal anode.
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3.2 CHARACTERIZATION AND ANALYSIS TECHNIQUES
3.2.1

Structure and Physical Characterization

X-Ray Diffraction (XRD) Analysis Technique
In order to investigate the effect of Mo dopant on LTO structure, XRD analysis
was done on Li4Ti5-αMoαO12 (α= 0, 0.1, 0.2, 0.3, 0.4) synthesized as discussed in
Section 3.1.1. Diffractograms were taken with an X’Pert ProMPD diffractometer
(PANalytical Company) using Bragg-Brentano Geometry and a Copper Kα
wavelength of 1.5418 Å. The patterns were indexed using the EVA software
database (Bruker).

X-Ray Photoelectron Spectroscopy (XPS) Technique
XPS reveals which chemical elements are present at the surface and the nature
of the chemical bond that exists between these elements. XPS can reveal the
elemental composition, chemical state and electronic state within a material
quantitatively [174]. The principle of XPS is called photoemission principle.
Based on this principle, by bombarding a sample using X-ray, some electrons of
the sample become excited enough to escape the atom, as shown in Figure 16
(a). The chemical state of an atom alters the binding energy (BE) of a
photoelectron which results in a change in the measured kinetic energy (KE).
The BE is related to the measured photoelectron KE by the simple equation; BE
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= hν – KE – F, where hv is the photon (x-ray) energy, and F is the work function,
as shown in Figure 16(b).

Figure 16. The XPS a) working principle and b) signal measuring technique [178]

The chemical or bonding information of the element is derived from these
chemical shifts. XPS spectra are obtained by bombarding a material with a beam
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of X-rays and measuring the kinetic energy and number of electrons that escape
from the top 1 to 10 nm of the material under ultra-high vacuum (UHV) [174].
In this study, in order to investigate the mechanism of changing the electronic
and ionic conductivity of LTO as a result of Mo dopant, XPS was performed on
doped and undoped samples using Physical Electronics PHI VersaProbe III
Scanning ESCA Microprobe.

3.2.2

Microstructural Analysis

In order to measure microstructure feature like wall and pore size field emission
scanning electron microscope (FESEM, Hitachi) was used throughout the course
of this thesis. In addition, tape thickness was measured using SEM image of the
tape cross-section. The majority of samples were imaged at 20 keV. ImageJ
(NIH) software was used to analyze the images.

3.2.3 Particle Size Distribution
Due to the fact that particle size has significant impact on electrochemical
response, particle size distribution of powder was measured by laser scattering
particle size analyzer (LSPSD, LS 13 320 Beckman Coulter).
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3.2.4 Archimedes Density Measurement
First, samples got dried in oven and their weights were recorded (mdry).
Subsequently, they were soaked in deionized water for a minimum of 30 minutes
until all the open pores had filled with water. The samples were then weighed
twice. Once when they were wet (Wwet) and then once when they were
submerged underwater (Wsubmerged). The apparent density, total porosity, open
and closed porosities can be calculated from these three weights. The theoretical
density of a 100 % dense material is called dmat. The process is repeated a
minimum of three times and the reported numbers are the average of these
measurements. The mass of water displaced and the total porosity of the
submerged sample were calculated through Archimedes principle as [175]

𝑊𝑤𝑎𝑡𝑒𝑟 = 𝑊𝑑𝑟𝑦

𝜌𝑤𝑎𝑡𝑒𝑟

1

𝜌𝑚𝑎𝑡 1−𝑃𝑡𝑜𝑡𝑎𝑙

= 𝑊𝑑𝑟𝑦 − 𝑊𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 Eq 13

where Ptotal is the total pore fraction of the system. The mass of water imbibed
(taken up) is then:

𝑊𝑖𝑚𝑏𝑖𝑏𝑒𝑑 = 𝑊𝑤𝑎𝑡𝑒𝑟 − 𝑊𝑑𝑟𝑦

Eq 14

The mass of imbibed water can immediately give the value of open porosity Popen
simply by dividing Wimbibed by the density of water 𝜌water. The value of closed
porosity is found by subtracting Popen from Ptotal.
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3.2.5

Electronic Conductivity Measurement Process

Sample preparation
In order to measure electronic conductivity of the Mo doped samples, their
powders were uniaxially pressed at 2200 bar to form disks with green densities of
approximately 60% theoretical density. The pellets were subsequently sintered,
typically at 900 oC for 5 hours under 10% H2/Ar atmosphere. Pellets prepared in
this way resulted in 90-95% theoretical density. In order to measure electronic
conductivity, sintered pellets were painted with silver paste and heat treated for
2hr under same reducing atmosphere at 600oC to remove polymeric parts of the
silver paste.

Electrochemical Impedance Spectroscopy (EIS) to measure electronic
conductivity
Using ion blocking technique, EIS was conducted on sintered pellets coated by
Ag on both sides of samples to measure the effect of Mo dopant on electronic
conductivity of LTO using Gamry potentiostat 1010E in frequency range of
200kHz to 0.5 Hz. Impedance spectroscopy shows the response of an
electrochemical system to an applied sinusoidal potential or current. This
response can tell a great deal about the electrochemical behavior of the system.
Many processes within Li-ion battery occur at different frequencies (e.g. charge
transfer, ion and electron transport, gas diffusion) so by changing the frequency

56

of the applied potential or current we can selectively characterize these different
processes.
In general, the current response will be the same frequency as the applied one
but it will have shifted in phase and reduced in amplitude because of the
sample’s resistance.
Impedance is composed of both real and imaginary elements. It is defined by
Ohm’s law as:

Z(ω) =V(t)/I(t)= (V0.ejωt )/ (I0.ejωt-φƒ )= Z’ + jZ”

Eq 15

ω - radial frequency as a function of frequency (f), ω = 2πƒ
Z(ω) - complex impedance as a function of radial frequency (ω)
V(t), I(t) - potential signal and current signal as a function of time (t)
V0, I0 - amplitudes of the potential and current
j - phase shift between potential signal and current response
j - imaginary number j2 = -1
Z’, Z” - real (resistance) and imaginary (reactance) part of impedance
Nyquist plot is a common way of presenting results from impedance
spectroscopy. In this plot x-axis is the real impedance (Z’), which is equivalent to
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resistance, and y-axis is the imaginary component (Z”). The four primary circuit
elements used to represent cells are shown in Table 3.
Table 3. Equivalent Circuit Elements [155]

.
Very few electrochemical systems can be modeled with a single circuit element.
To represent an electrochemical cell, multiple elements in some combination of
series and parallel must be connected to best-fit the system. Generally, high
frequencies is for bulk effects (diffusion, grain resistance etc.) and more overall
electrode responses correspond to lower frequencies [152, 176].

Theory of Ion-blocking technique
As discussed before, electronic conductivity of LTO synthesized in air is low and
Mo doping is used to increase the conductivity. In general, the synthesized
material can be pure ionic or ionic with low electronic conductivity or ionic with
high electronic conductivity. Using ion blocking technique, the type of material
can be easily distinguished and electronic and ionic conductivity can be obtained.
This technique is discussed in detail in “Simple Method to Determine Electronic
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and Ionic Components of the Conductivity in Mixed Conductors: A Review” article
by R.A Huggins and published in 2002 [176].

Figure 17 shows the experimental arrangement for this technique.
Pellet
Ion-blocking
electrode

Figure 17. Experimental arrangement to evaluate ionic transport in a solid
electrolyte [180].

By coating two side of the pellet with ion blocking electrodes, Li ions are blocked
at the electrode/Ag interface, but electrons are not. Since current has to pass
through pellet which has a finite resistance Ri, this physical configuration can be
represented by a simple equivalent electrical circuit shown in Figure 18, at low
frequencies. Cint is a single capacitance, representative of capacitive properties
of the two electrode/Ag interfaces
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Figure 18. Equivalent circuit at the low frequency of an electrochemical cell with
an ionic conductor between two electronically-conducting electrodes which can
block the ion [180].

Presence of a material (the pellet) with a finite dielectric constant between the
two parallel metallic electrodes causes the appearance of additional geometrical
capacitance, Cgeom, at higher frequencies. This parallel plate capacitance
typically has very small values. Thus, the equivalent circuit becomes that shown
in figure 19, which is often called the "Debye circuit".

Figure 19.Debye equivalent circuit of the configuration of a solid electrolyte
between two electronically-conducting (ionically-blocking) electrodes [176].

Typical values of Cgeom and Cint are about 10 -12 and 10 -6 F/cm2, respectively.
The impedance of a resistance ZR is simply its resistance R and it is in phase
with an applied AC voltage signal. However, the impedance of a capacitance Zc
is called the reactance X and it is out-of-phase with the applied AC signal.
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X = (-j)/((ωC)

Eq 16

ω= 2πf

Eq 17

Figure 20 a and b illustrate the representation of these simple elements known
as "Argand diagram".

-X

a)

ZR

-X

b)

R

Zc

R

Figure 20. Impedance of a) A resistance. The value of ZR is independent of
frequency. B) A capacitance. The value of the reactance ZC of the capacitor
varies with the frequency [180].

If there is a resistance in series with a capacitance the impedance of this
combination ZRC is given by

ZRC = R + jX = R -j/(ωC)
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Eq 18

and therefore, by varying the measurement frequency the complex impedance
plot will appear as shown in Figure 21.

-X

Zc
ZR
R

Figure 21. Impedance of a series combination of a resistance and a capacitance
[180]

On the other hand, the impedance of a parallel configuration of a resistance and
a capacitance, is a semicircle, as shown in Figure 22. At very low frequencies the
impedance of the capacitor is very large with the result that all the current flows
through the resistor so its properties dominate the behavior. At very high
frequencies the impedance of the capacitor gets small so the resistor is shorted
out and the total impedance tends toward zero. When the resistive component is
one half of ZR, the two impedances are equal. As a result, an equal current flow
through the two legs. This is the center of the circle, so that it is also the value of
the reactance of the capacitor. Thus

ZR_ C = ZR/2 = (-j)/(ωC)
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Eq 19

-X

ZR-c
ZR
R

Figure 22. EIS plot of parallel combination of a resistance and a capacitance
[180].

ωRC = 1

Eq 20

We will now apply this theory to different cases including pure ionic, ionic with
electronic leakage, and mixed ionic/electronic conductors.
In the case of pure ionic conductor, the electronic conductivity is insignificant. As
a result, the ionic species are completely blocked at the pellet/Ag interfaces. So,
standard Debye circuit discussed earlier and, shown in Figure 23, can be readily
used. The corresponding EIS plot is shown in Figure 23

-X

Ri

Figure 23. EIS plot of pure ionic conductor [180].
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At very low frequencies no current flows through the geometric capacitance
Cgeom, due to its very small value. Usually geometric capacitance is in the order
of picofarads, which gives it a very large impedance. As a result, it cannot be
detected by measurement. Therefore, "low frequency tail" is related to series Ri Cint configuration. As frequencies increases, more and more current moves
through Cgeom, so the data appear as though the equivalent circuit becomes a
parallel configuration of Cgeom and Ri. According to Fick's second law, if the
electroactive species is not blocked at the interface and could diffuse into or out
of one or both of the electrodes the low frequency data will be a straight line with
a slope of 45 degrees. The equivalent circuit in this case includes so-called
Warburg impedance [176].
If the material between the electrodes is a mixed conductor, with both ionic and
electronic contributions to charge transfer, the equivalent circuit and EIS is looks
like Figure 24 [176].
a)

b)
-X

Re
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Figure 24. A) Equivalent circuit for a passing both ionic and electronic current
through the pellet. b) EIs plot for the case of an ionic conductor with dominant
electronic leakage [180].

If the electronic resistance is much lower than the ionic resistance the
corresponding complex plane plot is shown in Figure 24. Because there is no
blockage of the charge transport due to electronic species, there is no interface
capacitance, and thus no capacitive tail at very low frequencies [176].
In the case of substantial ionic and electronic transport, two semicircles can be
seen. One represents the parallel combination of the electronic resistance and
the geometrical capacitance at low frequencies, and the second semicircle is
representing the parallel combination of the ionic resistance and the geometrical
capacitance at the higher frequencies. EIS plot for this case is shown in Figure
25. In addition, since the interfacial capacitance is shunted by the electronic
current at low frequencies, no low frequency tail can be observed. The intercept
at low frequencies on the resistance axis, R2, is the same as the DC value which
is the electronic resistance, Re. The intercept on the resistance axis at the higher
frequency, R1, is a combination of the two parallel resistances, Ri and Re [176].
Thus
1
𝑅1

=

1
𝑅𝑖

+
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1
𝑅𝑒

Eq 21

-X

R1Re

R2

Figure 25. EIS plot for the case of significant both ionic and electronic transport
[180].

Chronoamperometry for electronic conductivity measurement
Chronoamperometry simply consist of applying a constant potential to an
electrochemical system and measuring the current responses [177]. By
observing the current response, pure ionic; electronic or mix ionic/electronic
materials can be easily distinguished. In order to distinguish ionic and electronic
conductivity, we used ion-blocking technique. Chronoamperometry technique
(ChronoA) was done on Ag coated pellets by applying step voltage of 0.1 V and
for certain amount of time and measuring the current using Gamry potentiostat
1010E.
In the case of pure electronic conductor, one expects that current jumps to
certain amount when the potential is applied and remains constant since
electrons can easily transport through the material and Ag. By division of
voltage/current, electrode resistance can be calculated. On the other hand, if
electrode is mixed ionic and electronic conductor, when the potential is applied,
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current jumps but it starts to diminish and reach a plateau since by passing time
ionic contribution to the passing current will diminish due to ion blocking Ag
coating. By division of equilibrium current to the total current jump, electronic
conductivity can be obtained.

3.2.6 Li-ion Diffusion Coefficient Measurement
Sample preparation
In the previous section, the ion blocking technique for measuring electronic
conductivity has been discussed. In this section, electron blocking condition
using a polymer with doped Li salt for measuring Li ion diffusion coefficient is
discussed.
In order to measure Li ion diffusion coefficient both side of 10mm dimeter, 0.2
mm thickness pellets were coated by a Li salt containing polymer to act as an
electron blocking. Poly ethylene oxide (PEO) membrane was fabricated by
mixing PEO powder (from Scientific Polymer Products, Inc., Mw 4,000,000) and
LiI (from Aldrich, 99.99%) in a 6:1 molar ratio in dry acetonitrile[177]. The mixture
was stirred overnight. Electron blocking polymer was directly poured on to the
surface of the pellet and dried at 30 0C under moderate vacuum for 2 hours.
Polymer coated pellet were sandwich between two Lithium chips on each side
and placed in spring assisted split cell under a pressure to assure a good
contact.

67

Chronopotentiometry for measuring Li ion diffusion coefficient
Chronoamperometry was discussed in previous section for measuring electronic
conductivity of the pellets. As discussed, in chronoamperometry, voltage is
applied and current measured. However, in chronopotentiometry the potential
response of an electrochemical system is measured by applying a constant
current to it. By observing the potential response, pure ionic, electronic or mix
ionic/electronic materials can be easily distinguished. Chronopotentiometry
experiment (ChronoP) was performed on electron blocked pellets by applying a
constant 0.1 mA current for 5000 second followed by cutting the current and
measuring the voltage using Gamry potentiostat 1010E.
In this technique, after applying current by passing time, contribution of blocked
electron will decrease and eventually vanishes.
The rise of voltage can be simulated as equation as refereed in [178-181].

𝑉=

𝑖𝐿
𝜎

𝜎𝑒 𝑖𝐿

+(

𝜎𝜎𝑖

8

𝑡

) (1 − 𝜋2 exp(− (𝑇 ))

Eq 22

𝑓

In this equation, i stands for current. σ, σe, and σi are total, electronic and ionic
conductivity in solid, respectively. A plot of ln |V(t)-V(t = ∞)| vs. t will results in a
straight line with slope of 8/𝜋 2 𝑇𝑓 and Li diffusion coefficient can be calculated
using Equation 23.
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𝐷𝐿𝑖 =

𝐿2

Eq 23

4𝜋2 .𝑇𝑓

In Equation 23, L is pellet thickness.

3.2.7 Open Circuit Voltage and Li Diffusivity as a Function of State
of Charge (SoC)
Open circuit voltage (OCV) is a voltage between two terminals of a battery when
there is no load. OCV is a function of state of charge (SoC) and is of great
importance in simulations. Li ion diffusion coefficient is also a function of SoC
which is needed to be determined for simulations.

Galvanostatic Intermittent Titration Technique (GITT)
GITT is able to provide pieces of information about the thermodynamics of the
active material, together with the diffusion coefficient. The measurement
consists of applying a series of current pulses, each followed by a relaxation time
in which no current passes, on a cell composed of metallic lithium (counter and
reference electrode), electrolyte and positive (working) electrode. The current is
positive during charge and negative during discharge.
During a positive current pulse, the cell potential quickly increases to a value
proportional to the iR drop. R is the sum of the ohmic resistances such as contact
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resistance, resistance of electrode tape and electrolyte. Afterwards, the potential
slowly increases to maintain a constant concentration gradient. When the current
pulse is interrupted, the potential first suddenly drops to a value proportional to
the iR drop, and then it slowly decreases until the electrode is again in
equilibrium because the composition in the electrode tends to become
homogeneous through Li-ions diffusion. The equilibrium voltage is the open
circuit potential (Voc). This sequence of charge pulse followed by a relaxation
time continues until full charge.
The chemical diffusion coefficient can be calculated at each step, with the
following formula [182-184].
𝑑𝐸
𝑖𝑉𝑚 2 ( ⁄𝑑𝛿 ) 2
) [ 𝑑𝐸
]
𝜋 𝑍𝐴 𝐹𝑆
( ⁄
)
𝑑 √𝑡
4

𝐷= (

Eq 24

Here, i is the current (A); Vm is the molar volume of the electrode (cm3.mol-1); zA
is the charge number; F is the Faraday’s constant (96485 C/mol); S is the
electrode/electrolyte contact area (cm2); dE/dδ is the slope of the coulometric
titration curve, found by plotting the steady state voltages E (V) measured after
each titration step δ; dE/d√t is the slope of the linearized plot of the potential E
(V) during the current pulse of duration t (s). dE/d√t and the coulometric titration
curve can be considered linear over the composition range of that step in the
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case of applying sufficient small currents. In this case Equation 24 can be
simplified into [182-184]:

𝐷𝑠 =

4

𝑛𝑚 𝑉𝑚 2 ∆𝐸𝑠 2
) (∆𝐸 )
𝑆
𝑡

(
𝜋𝜏

Eq 25

or

4 𝑟

𝐷𝑠 = ( 𝑃 )2 (
𝜋

3

∆𝐸𝑡 2
)
∆𝐸𝑠

Eq 26

𝑟𝑃 is active material particle size. 𝜏 is the duration of the current pulse (s); Vm is
the molar volume of the electrode (cm3 mol-1), S is the electrode/electrolyte
contact area (cm2), nm is the number of moles (mol); ΔEs is the steady-state
voltage change because of the current pulse and ΔEt is the voltage change
during the constant current pulse. Further simplification, of Equation 25 is
Equation 26 [185].
In this dissertation, the open circuit voltages for electrode as a function of state of
charge, recorded in half-cell configuration on 70 µm thick electrodes vs. lithium
metal is usual. The electrodes are placed in a split cell (MTI) with a lithium metal
anode and porous polymer separator (Celgard 2325, 25 μm microporous trilayer
PP/PE/PP membrane) in a 1M LiPF6, 3:7 EC:EMC (ethylene carbonate : ethyl
methylcarbonate) electrolyte solution to form a Li-ion battery cell. Cell assembly
was performed in an argon-ﬁlled glove box. In these cells Mo doped LTO
electrode act as a cathode. After one charge and discharge cycle at the rate of
C/20 between 2.5 and 1 V, the cells were discharged stepwise by 2% SoC
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followed by a 120 min resting period after which the cell voltage was recorded,
using a battery analyzer (BST8-WA, MTI).
By connecting all the equilibrium potentials after rests, open circuit potential of
the electrode can be obtained. Li ion diffusion coefficient, as a function of SoC
was measured using Equation 26.

3.2.8 Measurement of Li Metal Reaction Rate
EIS was performed on the cell composed of three separators sandwiched
between two Li metal chips of 12 diameters in Swage-lock cell from MTI Corp.
The separators were first soaked in EC: EMC electrolyte before assembly.
Further, discussion will be provided in section 4.4.2.

3.2.9 Measurement of Tortuosity
Separator
In order to measure tortuosity of separator, a MTI split cell similar to the setup
used by Johannes Landesfeind and co-workers [12]. AC impedance was
performed on the assembled cell composed of a 12 mm diameter separator
soaked with the electrolyte and sandwiched between a 12mm diameter
aluminum foil in contact with stainless steel block as a lower electrode, and a 10
mm diameter Al foil in contact with 10 mm stainless steel plunger as an upper
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electrode. The perimeter of stainless steel plunger was insulated. In order to
assure complete wetting of separator throughout the experiment, excess
electrolyte (EC: EMC with conductivity of 9.25mS/cm) was added. The effective
conductivity was used to calculate the tortuosity of the separator using Equation
27.

𝑘𝑙,𝑒𝑓𝑓,𝑠𝑒𝑝 =

𝜀𝑠𝑒𝑝 𝑘𝑙
𝜏𝑠𝑒𝑝

Eq 27

𝑘𝑙,𝑒𝑓𝑓,𝑠𝑒𝑝 is effective conductivity of electrolyte within the pores of separator, ɛsep
and 𝜏𝑠𝑒𝑝 are porosity and tortuosity of the separator. 𝐾𝑙 is the standard
conductivity of electrolyte with respect to the concentration of salt.
Normal tape cast electrode
Tortuosity of the electrode is needed to calculate electrolyte effective diffusivity
(Dl,eff) and effective conductivity (Kl,eff) needed in Equations 38 and 45 in the
Simulation Section. In order to measure electrode tortuosity, a non-intercalating
solution was prepared by dissolving 1.56 g tetrabutylammonium perchlorate
(TBAClO4, Sigma Aldrich, ≥99.0%) salt in 10 gr DEC/DMC 50/50 [12, 186].
Conductivity of the solution was measured to be 480 µS/cm using Thermo
Scientific electrometer model Orion Star A212.
Two electrodes with the same thickness of 40 µm and diameter of 10 mm and a
separator (25 µm thick Celgard 2325 separator) were punched and soaked in the
non-intercalating salt for 1hr. A symmetrical cell of the two electrodes and
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separator in between was assembled in Ar filled glove box using MTI split cell.
EIS spectrum of the cell at room temperature (25C) was measured between
200kHz to 1Hz. Tortuosity of the electrodes was obtained from the EIS data as
discussed by Landesfeind et al [12, 186] using a transmission-line model (TLM)
as discussed later.

Transmission-line model (TLM)
Ionic resistance inside the electrolyte phase Rl is an indicative of charge
transport in porous particle networks like lithium ion battery electrodes or
separators. Techniques to measure ionic resistances in electrolyte Rl will be
discussed in the next paragraphs for both separators and electrodes. Blocking
electrodes or blocking conditions, which means there is no charge transfer
across the solid/liquid interface, i.e., that the surface is ideally polarizable, is one
of the common impedance based approaches [187]. There are two ways for
achieving blocking condition. Using an non-intercalating salt which cannot react
electrochemically with the electrodes within the potential excitation of a few mV
during an impedance measurement and also at the condition of 0% and 100%
SoC [188, 189]. Blocking electrode is generally described best by a constantphase Element (CPE), the complex impedance of which is given as [12]

𝑍𝐶𝑃𝐸 =

1
𝐶𝑝(𝑖𝜔)𝛾
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Eq 28

where ω is the angular frequency, the parameter Q is related to the electrode
capacitance, and γ is the constant phase exponent (for γ = 1, ZCPE simplifies to
the impedance of an ideal capacitor).
TLM can describe the impedance of electrolyte filled pores in an electronically
conductive particle network. Figure 26 depicts the equivalent circuit of the
general TLM. Inside and outside the solid phase, electronic resistance Re and
ionic resistance Rl is represented by a serial connection of ohmic resistors.

Figure 26. Equivalent circuit of the TLM model for a porous electrode. zS is
representative of the charge transfer process between the solid and the liquid
phase through faradaic or capacitive charge transfer reactions [13].

Due to blocking conditions, charge can be transferred between the solid and the
liquid phase only via capacitive charge transfer reactions. In lithium ion battery
electrodes the electronic resistances Rl (κ > 0.1 S/cm due to the presence of
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conductive carbon additives [190, 191]) are generally negligible compared to the
ionic resistances Rl(κ < 0.01 S/cm).
Thus, due to blocking condition and with Re << Rl lithium ion electrodes, the
general transmission-line model can be depicted in as

Figure 27. Simplified form of the transmission-line model for porous electrodes
with Re << Rl and for blocking conditions [13].

An analytical electrode impedance ZEl. can be derived for the simplified
transmission line model [192] in Figure 27, which we will refer to as TLM-Q[193]
:
𝑅

𝑅

𝑙
𝛾
𝑍𝐸𝑙 = √𝑅𝑙 𝑍𝑠 coth (√𝑍 𝑙) = √𝐶𝑝(𝑖𝜔)
𝛾 coth(√𝐶𝑝 (𝑖𝜔) 𝑅𝑙 )
𝑠
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Eq 29

where Rl = Ʃ(Rl) and Cp = Ʃ(cp). In the case of assuming an ideal capacitive
behavior the constant-phase exponent γ becomes one and the 1/(Cp (iω)γ) terms
reduce to the impedance of a capacitor 1/(iωC), which is referred as TLM-C.
One way to extract the electrode ionic resistance Rl of electrodes via impedance
measurements is to fit Equation 29. to experimental data. Another simpler
method is through linear extrapolations of the low and high frequency regions to
the x-axis in the Nyquist plots. While the extrapolation of high frequency
resistance gives RHFR, the extrapolation of the low frequency branch to the x-axis
(ZEl.|(ωlow→∞)) is the sum of the high frequency resistance and one third of the
ionic resistance inside the pores, as already discussed by Ogihara et al.[188] or
Liu et al.[194] for the transmission-line model with ideal capacitors:

𝑍𝐸𝑙 𝜔→∞ =

𝑅𝑙
3

+ 𝑅𝐻𝐹𝑅

Eq 30

3.2.10 Charge-Discharge Test
In this study, all the potentials for the cathode or anode material at half-cell coin
battery is measured against the potential of Li metal. In the galvanostatic mode, a
constant current is applied to a cell. Voltage is recorded as a function of time or
the number of lithium ions insertion and extraction from electrodes. Electrode
characteristics, such as discharge capacity and rate capability can be determined
by this technique. Throughout this dissertation, LTO or Mo doped LTO act as a
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cathode material. For comparison between simulation and experiment discussed
in section 4.5, charging of the half-cell was performed in a constant current /
constant voltage mode (CC/CV) with rate of C/5 for all the conditions. Other than
this section, throughout the dissertation, charging and discharge of the half-cell
was performed in a constant current mode (CC) with equal C rates.
Galvanostatic charge-discharge testing was performed over a cell potential range
from 1.0 to 2.5 V using a battery analyzer (BST8-WA, MTI).

3.3 SIMULATION
All computational modeling work was performed using the lithium battery module
in COMSOL. The following narrative summarizes the relevant physical models.
In the solid phase for the lithium insertion material, mass balance in the electrode
is governed by Fick’s second law of diffusion [5, 157, 195-197].
𝜕𝐶𝑠
𝜕𝑡

= −∇. (−𝐷𝑠 . ∇𝐶𝑠 )
𝜕𝐶𝑠
𝜕𝑟

= 0 𝑎𝑡 𝑟 = 0

Eq 31

Eq 32

In these equations 𝐶𝑠 is lithium concentration in the solid phase and Ds is Li
diffusivity in the solid. No flux condition is applied at the center of particle due to
symmetry and pore wall flux.
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In the solid phase, the current density is defined as a function of the effective
electrical conductivity, 𝜎𝑠,𝑒𝑓𝑓 , and the gradient of the electric potential, ∅𝑠 , by
Ohm’s law [198-200].

𝑖𝑠 = −𝜎𝑠,𝑒𝑓𝑓 ∇∅𝑠
𝜎𝑠,𝑒𝑓𝑓 = 𝜎𝑠 𝜀𝑠 1.5

Eq 33

Eq 34

In these equations, ɛs is volume fraction of solid and is is total current applied.
The boundary conditions at solid phase potential boundary conditions at current
collector and separator-current collector surfaces are given by:
𝜕∅𝑠
𝜕𝑥

𝜕∅𝑠
𝜕𝑥

=−

𝐼
𝜎𝑠,𝑒𝑓𝑓

𝑎𝑡 𝑥 = 𝑙 (𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑟)

= 0 𝑎𝑡 𝑥 = 0 (𝑠𝑒𝑝𝑒𝑟𝑎𝑡𝑜𝑟 − 𝑒𝑙𝑒𝑙𝑐𝑡𝑜𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

Eq 35

Eq 36

For the transport of lithium ion inside the electrolyte the concentrated solution
theory is used, which can be written as by Equation 37 [198-200].
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𝜀𝑙

𝜕𝐶𝑙
𝜕𝑡

𝑎𝑖𝑙𝑜𝑐

= ∇. (𝐷𝑙,𝑒𝑓𝑓 ∇𝐶𝑙 ) + (

𝐹

) (1 − 𝑡+ )

Eq 37

In this equation, 𝜀𝑙 is volume fraction of electrolyte in the region for liquid
electrolyte filling, including the separator and porous electrode. It is equal to the
micro porosity within the walls in the freeze tape casting electrodes and its value
is 1 in the electrolyte pillars representative of unidirectional macropores. 𝐶𝑙 in
equation 37 denotes electrolyte salt concentration. 𝐷𝑙,𝑒𝑓𝑓 denote electrolyte
effective Li ion diffusivity in porous electrode, and 𝑖𝑙𝑜𝑐 denotes local charge
transfer current density.
Through the definition of tortuosity, effective electrolyte diffusivity 𝐷𝑙,𝑒𝑓𝑓 can be
also calculated using Equation 38. Tortuosity of separator and electrode was
measured experimentally as discussed in in section 3.2.9 [198-200].

𝐷𝑙,𝑒𝑓𝑓 = 𝐷𝑙

𝜀𝑙
𝜏

Eq 38

Equation 39-41 show boundary conditions of electrolyte transport and
concentration on current collector and separator-electrode surfaces [198-200].
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𝜕𝐶𝑙
𝜕𝑥

= 0 𝑎𝑡 𝑥 = 𝑙 (𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑟)

Eq 39

𝐶𝑥− = 𝐶𝑥+ 𝑎𝑡 𝑥 = 0 ( 𝑠𝑒𝑝𝑒𝑟𝑎𝑡𝑜𝑟 − 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒) Eq 40
𝐷𝑙,𝑒𝑓𝑓,𝑠𝑒𝑝

𝜕𝐶𝑙
𝜕𝑥 −

= 𝐷𝑙,𝑒𝑓𝑓,𝑒

𝜕𝐶𝑙
𝜕𝑥 +

𝑎𝑡 𝑥 = 0 (𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 − 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)
Eq41

𝐷𝑙 , 𝐷𝑙,𝑒𝑓𝑓 and 𝐷𝑙,𝑒𝑓𝑓,𝑠𝑒𝑝 denote electrolyte intrinsic Li ion diffusivity, effective Li ion
diffusivity in porous electrode and effective Li ion diffusivity in porous separator,
respectively.
The boundary conditions at the center of active material and wall flux is given by
Equations 42 and 43.

−𝐷𝑠

𝜕𝐶𝑠
𝜕𝑟

𝑎𝑗𝑛 =

= 𝑗𝑛 𝑎𝑡 𝑟 = 𝑟𝑝

𝑎𝑖𝑙𝑜𝑐
𝐹

=

Eq 42

∇.𝑖𝑙

Eq 43

𝐹

In equations 42 and 43 jn is the pore wall flux, a is the specific interfacial area of
the electrode material and can be calculated by 𝑎 =

3𝜀𝑠
𝑟

where 𝜀𝑠 is volume

fraction of active material and r is active material particle radius [198-200].
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The equations for concentration and potential in the different domains are
coupled through the exchange current density, and the solid phase concentration
is solved self-consistently with the particle radius as a parameter.
Electrolyte current is governed by an extended version of Ohm’s law through
Equation 44 [198-200].

𝑖𝑙 = −𝐾𝑙,𝑒𝑓𝑓 ∇∅𝑙 + (

2𝐾𝑙,𝑒𝑓𝑓 𝑅𝑇
𝐹

) (1 +

𝜕𝑙𝑛𝑓
𝜕𝑙𝑛𝐶𝑙

) (1 − 𝑡+ )∇𝑙𝑛𝐶𝑙

𝐾𝑙,𝑒𝑓𝑓 = 𝐾𝑙

𝜀𝑙
𝜏

Eq 44

Eq 45

Equations 46 to 50 shows boundary conditions on electrolyte conductivity and
potentials at current collector, Li metal-separator and separator-electrode
surfaces.

𝐾𝑙,𝑒𝑓𝑓,𝑠𝑒𝑝

𝜕𝐶𝑙
𝜕𝑥 −

= 𝐾𝑙,𝑒𝑓𝑓,𝑒

𝜕𝐶𝑙
𝜕𝑥 +

𝑎𝑡 𝑥 = 0 (𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 − 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)
Eq 46

𝜕 ∅𝑙
𝜕𝑥

= 0 𝑎𝑡 𝑥 = 𝑙 (𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑟)

∅𝑙 = 0 𝑎𝑡 𝑥 = 𝑙 (𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑟)
∅𝑙 = 0 𝑎𝑡 𝑥 = −𝑙𝑠𝑒𝑝 (𝐿𝑖 𝑚𝑒𝑡𝑎𝑙 − 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)
∅𝑙,𝑥 + = ∅𝑙,𝑥 − 𝑎𝑡 𝑥 = 0 (𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 − 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)
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Eq 47

Eq 48
Eq 49

Eq 50

In these equations 𝐾𝑙 , is the intrinsic ionic conductivity of electrolyte. 𝐾𝑙,𝑒𝑓𝑓 ,
𝐾𝑙,𝑒𝑓𝑓,𝑒 𝑎𝑛𝑑 𝐾𝑙,𝑒𝑓𝑓,𝑠𝑒𝑝 are effective ionic conductivity of electrolyte in filling domain,
electrolyte in porous electrode, and electrolyte in separator, respectively. ∅𝑙 is
the electrolyte potential, f is the activity coefficient for the salt, and 𝑡+ is the
lithium cation transport number of the electrolyte. Equation 45 denotes the
effective electrolyte conductivity in filling domain using tortuosity 𝜏 of that domain
(either porous separator or electrode). These tortuosities have been obtained
experimentally as described in the sub section 3.2.9 for separator and electrode.
Charge transfer reaction between the electrolyte phase and active material is
described by the Butler-Volmer equation [198-200]

𝑖𝑙𝑜𝑐 = 𝑖0 [exp (

𝛼𝐹
𝑅𝑇

𝜂) − exp (−

(1−𝛼)𝐹
𝑅𝑇

𝜂)]

𝛼

𝑖0 = 𝐹(𝜗𝑐 )𝛼 (𝜗𝑎 )𝛼 (𝐶𝑠,𝑚𝑎𝑥 − 𝐶𝑠 ) (𝐶𝑠 )𝛼 (𝐶𝑙 )𝛼

Eq 51

Eq 52

In these equations, i0 is exchange current density, 𝛼 is anodic/cathodic charge
transfer coefficient, 𝜗𝑎 and 𝜗𝑐 denote the anodic and cathodic reaction rates,
respectively. cs,max - cs represents the concentration of empty sites at the surface
of the cathode particles, while cl represents the salt concentration. For Li metal
side, equation 51 was used with the exchange current density of Li metal
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obtained experimentally as detailed in the supporting material. 𝜂 is overpotential
which is defined by [198-200]

𝜂 = ∅𝑠 − ∅𝑙 − 𝑂𝐶𝑉

Eq 53

In this equation, OCV is the open circuit potential of active material.
A 1 M LiPF6 in EC: EMC (3:7) weight ratio electrolyte is used in the model. Ionic
conductivity, diffusion coefﬁcient, lithium-ion transport number, and activity are
the most important transport properties which need to be determined as a
function of salt concentration. Andreas Nyman and coworkers [201] obtained
ionic conductivity (mS/cm) as function of salt concentration 𝐶𝑙 (𝑀) for 0 to 2.2 M,
Li diffusion coefficient (m2/s) data for 𝐶𝑙 (𝑀) of 0 to 2 M, transport number and
activity data for 𝐶𝑙 (𝑀) of 0.2 to 2 M at temperature of 298 K. These data are in
the supporting material and were used as a reference in this study. Transport
properties outside of this concentration range were taken as constant,
independent of concentration. Transport properties outside of this concentration
range were taken as constant, independent of concentration, rather than linear
because a linear extrapolation predicts negative conductivity leading to
simulations that do not converge.
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3.3.1

Creating Representative Structure

We report here on use of Multiphysics methods in COMSOL for simulating the
behavior of normal tape cast as well as freeze tape cast porous electrodes. We
treat the freeze tape cast electrode as a series of slab-shaped electrolyte pores
that are interspersed between slabs of active electrolyte material. The model is
schematically illustrated in Figure 28.

A
Cathode material

Electrolyte

Separator

B

Lithium metal
h
Current collector
W_lto

W_elec

Figure 28. Simulation geometry for (A) normal tape-cast electrodes; and (B)
freeze tape cast electrodes. Anode and cathode are both in intimate contact with
separator; gaps are shown only for clarity. Separator is filled with electrolyte.
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An electrode that was tape cast with a 454 µm wet thickness, corresponding to a
mass loading of 30.2 mg cm-2, was found experimentally to produce electrodes of
thickness 250 µm for normal tape casting and 454 µm for freeze tape casting.
Calculated values for simulations for electrodes having different mass loadings
and thicknesses are obtained by assuming proportionality in thickness and mass
loading.
The porous normal tape cast electrode material consists of 35% MoLTO, 13%
filler (a combination of CMC, SBR binders and carbon), and 52% porosity by
volume which were calculated based on the density and weight percent of all the
components, and the measured thickness of the tape. The porous freeze tape
cast electrode material consists of 19% MoLTO, 7% filler (a combination of CMC,
SBR binders and carbon), and 73% porosity by volume.
The structure, morphology and thickness of the synthesized electrodes as well as
morphology and grain size of active material were characterized by scanning
electron microscopy (FESEM, S-4800 Hitachi). SEM micrographs of normal and
freeze tape cast samples with thickness of 250 and 454 µm respectively (mass
loading 30.22 mg cm-2) are shown in Figure 29. Figures 29 b,c show two types
of porosity present in the freeze tape cast electrode. Macroporosity is due to the
columnar unidirectional pores and the solid material that forms the walls of the
macropores have microporosity. In order to simulate the geometry of freeze tape
cast electrodes, we assumed a macroporosity of 50% volume percent based on
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the fact that the wall to pore size ratio was observed to be close to 1 in the freeze
tape cast sample.

Figure 29. SEM micrographs through the thickness view of a) normal tape cast
b,c) freeze tape cast electrode.

The geometric parameters needed for the simulation of the normal and freeze
tape cast are presented in Table 4.
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Table 4. Geometric parameters for electrode design
Parameters

Units

Descriptions

Normal

Freeze tape

electrode

cast electrode

h

mm

Thickness

Varied *

Varied *

W_lto

mm

Cathode width

0.5

0.01

W_elec

mm

Electrolyte

0

0.01

1

25

Total width

0.5

0.5

Out of plane area

70.84

70.84

Volume fraction of

0.3538

0.3891

0.5162

0.8764

0.13

0.1431

width
n

Number of cathode
walls

W_tot
A

mm
mm

2

ɛs

active material in each
cathode wall
ɛw

Porosity of each
cathode wall

ɛina

Volume fraction of
inactive components in
each Cathode wall

*The mass loading at different thicknesses is proportional to the thickness.
Based on the experimental result for 250 µm normal and 454 µm freeze tape
cast is 30.22 mg cm-2.
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The freeze tape cast electrode geometry is constructed by varying the height h
representing the thickness of the electrode. Each wall of porous cathode active
material has thickness W_lto and height h. In between each wall of porous
cathode active material there is a region of electrolyte with width of W_elec and
same height of h. By recalculation of volume percent of each component in
freeze tape cast sample cathode wall knowing that total porosity is 73.3% and
50% is macroporosity, new values of 38.91% MoLTO, 14.31% filler, and 46.78%
microporosity by volume can be obtained for each cathode’s walls. For simulation
of thicker and thinner electrodes, we kept, A, out of plane area fixed and only
changed the h in a way to meet target mass loading. Table 4 shows all the
geometrical parameters used in defining the model geometry and how these
parameters were obtained.

3.3.2

Simulation Parameters

Further details on measurement of material properties—including separator
tortuosity, electrode tortuosity, active material OCV and Li ion diffusion coefficient
as a function of SoC, and Li metal exchange current density were presented
before. In addition, discussion about the result of the measurements will be
provided later in Result and Discussion chapter. Table 5 summarize the material
parameters used in the simulations
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Table 5. Materials parameters used in simulation
MATERIAL

Definition

Value

unit

ref

Lithium diffusion

1 × 10-17 m2 s-1

Measured

100

nm

Measured

S m-1

Measured

1000

mol m-3

Sigma alderich

0.003

-

Measured

0.9

-

Measured

0.5

-

Assumed

PARAMETERS
USED IN
SIMULATION
DLi

coefficient
rp

Particle size radius

σ

Electrode electronic 1
conductivity

c0e

Initial electrolyte
salt concentration

SoC min

Minimum state of
charge

SoC max

Maximum state of
charge

αa,αc

Anodic/cathodic
charge transfer
coefficient
𝝉

Tortuosity

5

-

Measured

𝝑

Rate constant

5 × 10-11

m2.5

[200]

(mol0.5.s)-1

of active material
rho

Density of active

3.43

material
Tortuosity of separator is measured to be 4.02.
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g cm-3

4. RESULT AND DISCUSSION
4.1 EFFECT OF FREEZE TAPE CASTING TEMPERATURE ON
MICROSTRUCTURE

As discussed in chapter 2, Song et al [202] reported that the doping of LTO with
Mo can improve the electronic conductivity substantially. To begin with, Mo
doped LTO with the same concentration of Mo (Li4Ti4.85Mo0.15O12) as reported by
Song et al [202] was synthesized (section 3.1.1). Figure 29 a and b shows lowmagnification SEM images of as-synthesized LTO and MoLTO 0.15 powders.
MoLTO 0.15 grain size is approximately 200nm while LTO grains are about
400nm. It can be inferred that Mo doping leads to reduction of grain size by
restricting grain growth. Also, LTO shows more agglomeration than MoLTO.
Generally speaking, smaller grain size with less agglomeration can lead to more
utilization of active material and hence increas of specific capacity [101, 203].
SEM micrograph of pressed MoLTO0.15 and energy dispersive X-ray (EDX)
spectrum of MoLTO0.15 is shown in Figure 30 c and d, respectively. The semiquantitative atomic ratio of Ti to Mo from EDX intensities is found to be 33.125
which is close to the 32.33 value for the target composition of Li4Ti4.85Mo0.15O12.
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Figure 30. (a) SEM micrograph of a) LTO powder b) MoLTO powder (c) pressed
MoLTO (d) total EDX spectrum of pressed MoLTO

Normal tape cast and freeze tape cast tapes (at different freezing temperatures
of -130, -150, and -170 C) were parepared from MoLTO 0.15 active material as
described in section 3.1.3. Each sample was assigned a specific code as
“NTCDopantLTO Doping level-Thickness” (for normal tape cast) or
“FTCDopantLTO Doping level-Thickness-Freezing Temperature” (for freeze tape
cast), with mass loading given in units of mg cm-2.
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Figure 31 shows SEM micrographs of top surfaces of MoLTO samples that were
normal tape cast ((a) and (b)), and freeze tape cast at -130 ((c) and (d)) , -150
((e) and (f)) and -170 oC ((g) and (h)). The normal tape cast electrode shows fine
structure similar to that of the MoLTO0.15 powder with additional features from
the carbon / binder but no evidence for macroporosity. The samples frozen at 130 oC and -150 oC exhibit columnar and well-aligned pores arranged throughout
the sample, whereas the sample frozen at -170 oC shows non-uniform randomlyoriented large pores.
Note that the magnifications of micrographs (g) and (h) is lower than that for
others in order to sample a wider area. Pore and wall sizes of samples were
measured using ImageJ software from 100 different measurements at various
micrographs of samples. FMoLTO0.15-80-130 shows average pore and wall size
of 8 and 9 µm, and FMoLTO0.15-80-150 shows pore and wall size of 7 and 6
µm.
Generally, under higher supercooling, the ice nucleation rate is higher than the
crystal growth rate, leading to formation of a large number of small ice crystals. In
contrast, when supercooling is low, a small number of large ice crystals form
during freeze casting, and the larger pores form after the ice sublimation [15, 16].
At very high supercooling (-170 oC in this case), the ice front traps the particles
and forms a dense material without large pores. Microstructures attained at
freeze temperatures of -130 oC and -150 oC are expected to facilitate higher
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electrolyte access and transport throughout the battery electrodes due to low
tortuosity in the electrodes, leading to enhanced electrochemical activity
particularly at high rates.
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Figure 31. SEM micrographs of top surfaces of (a) low (b) high magnification of
normal tape cast Mo doped LTO with thickness of 30 μm (c) low (d) high
magnification of Mo doped LTO freeze tape cast at -130 oC with thickness of 80
μm (FTCMoLTO0.15-80-130) (e) low (f) high magnification of Mo doped LTO
freeze tape cast at -150 oC with thickness of 80 μm (FTCMoLTO0.15-80-150) (g)
low (h) high magnification of Mo doped LTO freeze tape cast at -170 oC with
thickness of 80 μm (FTCMoLTO0.15-80-170). Note that the magnification of
micrographs (g) and (h) is different than the others to illustrate the loss of
alignment of macropores.

Figure 32 shows SEM micrographs through the thickness of (a) normal tape cast
and (b) freeze tape cast MoLTO 0.15 electrodes at -150 0C. The sample frozen
at -150 oC exhibits well-aligned macropores arranged throughout the sample
thickness, whereas the normal tape cast sample shows no macropores. The
existence of aligned macropores in the freeze tape cast sample is expected to
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reduce the Li-ion diffusion length and tortuosity, providing the opportunity to
increase accessible specific energy without losing specific power.
It is postulated that the availability of electrolyte in the macropores, located in
close proximity to the much smaller pores in the active-material portions of the
electrodes, will help to replenish lithium electrolyte as it is consumed in the
smaller pores near the active materials, which will help to support high-power
charging / discharging.

Figure 32. SEM micrographs through the thickness of (a) NTCMoLTO0.15-30 (b)
FTCMoLTO0.15-80-150
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4.2 COMPARISION OF THE ACCESSIBLE SPECIFIC CAPACITY
AT DIFFERENT DISCHARGE RATE FOR NORMAL AND
FREEZE TAPE CAST ELECTRODES.

In order to study the effect of Mo dopant, freezing temperature and electrode
thickness on capacity, different normal and freeze tape cast electrode were
synthesized. Table 6 shows electrode thickness, freezing temperature, mass
loading, and porosity for freeze cast and normal tape cast LTO and Mo doped
LTO electrodes.
Porosity is calculated using the known masses of the individual components of
each electrode, combined with assumptions about the effective density of each
component, to calulate the contribution to solid electrode volume from each solid
component. Pore volume is calculated as the difference between the measured
electrode volume (from thickness and area) and the aggregate volume of solid
components in the electrode and electrode porosity is then estimated as the ratio
of pore volume to total electrode volume.
The key finding from Table 6 is that the overall electrode porosity for freeze-cast
electrodes is much higher than for normal tape cast electrodes. This finding is not
surprising given the images reported in Figures 31, which show many large
macropores in the freeze cast electrodes that are absent in the normal tape cast
electrodes. The data are consistent with a hierarchical porosity in the freeze-cast
97

electrodes with approximately equal contributions to overall electrode porosity
from free volume in the void spaces between solid materials in the semi-solid
portions of the electrode, and from free volume in the macropores.

Table 6. Mass loading, thickness and porosity for representative freeze-cast and
normal-tape cast Mo-doped LTO electrodes
Sample

Freezing

Mass

temperature loading(mg
(oC)

Thickness

Volume

(μm)

fraction

cm-2)

of
porosity

NTCLTO0.15-30

-

4.2

30

0.42

NTCMoLTO0.15-30

-

4.2

30

0.42

NTCMoLTO0.15-60

-

8.2

60

0.43

FTCMoLTO0.15-80-130

-130

4.2

80

0.78

FTCMoLTO0.15-80-150

-150

4.2

80

0.77

FTCMoLTO0.15-80-170

-170

4.2

80

0.78

FTCMoLTO0.15-150-150

-150

8.2

150

0.78

* Porosity estimates are made using the following assumptions for solid material
density: LTO / MoLTO 3.43 g cm-3, Timcal-graphite 2.0 g cm-3, SBR binder 0.94
g cm-3, and CMC binder 1.6 g cm-3.
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Figure 33 shows polarization curves from galvanostatic charge-discharge testing
of cells fabricated using normal tape cast LTO and MoLTO cathodes, tested at
various C-rates. The theoretical capacities of LTO and MoLTO are 175 and 172
mAh g-1 [202]. As shown in Figure 33, both NTCLTO0.15-30 and
NTCMoLTO0.15-30 show 93% of their theoritical capacity at the low discharge
rate of 0.1 C. Upon increasing the discharge current, both cells showed
diminished capacity but the cell with the LTO electrode experienced a larger
capacity loss with increasing discharge rate, compared to the cell with the
MoLTO0.15 electrode.
From these observations we infer that the Mo dopant is able to increase the rate
capability of LTO, probably due to improvement of electronic conductivity of LTO
[202, 204, 205]. By delocalization of electrons throughout the lattice or
improvement of Li ion mobility by reducing oxygen vacancy [202].
In addition, MoLTO0.15 shows a higher voltage plateau (defined as the cell
potential at the half-discharge point) than LTO (1520 mV vs. 1450 mV at a rate of
1 C, Figure 33a), indicating higher reversibility and lower internal resistivity of
MoLTO0.15 electrode compared with LTO electrode.
Figure 33b shows three sets of charge-discharge tests on freeze tape cast
MoLTO0.15 electrodes for which the freeze casting was performed at
temperatures of -130, -150 and -170 oC. The electrode frozen at -150 oC

99

demonstrates the best performance as indicated by the highest specific capacity
value at the low C rate of 0.1 oC.
Electrodes prepared at -130 oC and -170 oC also show high specific capacity but
not as high as that prepared at -150 oC. Although the microstructure of
FMoLTO0.15-80-150 shows slightly smaller wall and pore size compared to that
of FMoLTO80-130, which can explain better battery performance of
FTCMoLTO0.15-80-150, the significant capacity difference between the two
samples can also be related to a higher tortuosity for the FTCMoLTO0.15-80-130
sample. This postulate could be examined by measuring of samples’ tortuosity
using focused-ion beam tomography (FIB-SEM) [206-208].
Furthermore, it is interesting to note that samples FTCMoLTO0.15-80-130 and
FTCMoLTO0.15-80-170 exhibit deterioration of capacity and rate capability on
continued scanning even in comparison to NTCLTO0.15-30 electrode (Figure
33a) at all C-rates. This fact could be due to a lower electronic conductivity and
higher thickness of freeze tape cast electrodes compared to normal tape-cast
samples, indicating the importance of processing parameter in the freeze tape
casting technique on battery performance.
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Figure 33. Charge-discharge profiles of (a) normal tape cast LTO vs. MoLTO
electrodes having the same loading of 4.2 mg /cm-2 and thickness of 30 μm at
various C-rates (b) freeze tape cast MoLTO electrodes with the same thickness
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of 80 μm and mass loading of 4.2 mg cm-2 prepared at temperatures of -130, 150 and -170 oC, tested at two different C-rates.

Figure 34 shows charge-discharge tests at various rates for a set of MoLTO0.15
electrodes, showing the effect of freeze tape casting vs normal tape casting
(Figure 34a) and low vs high mass loading (b). In comparing freeze tape cast vs
normal tape cast electrodes (Figure 34a), the measured specific capacity is
significantly higher for all conditions for the freeze tape cast sample vs. the
normal tape cast sample.
Further, the loss of capacity with increasing C-rate is less for the freeze tape cast
sample vs. the normal tape cast sample. Both these findings are consistent with
the freeze tape cast sample providing greater access of lithium ions to the
electrode active material. The scans in Figure 34b compare two electrodes, both
freeze tape cast at -150 oC, but with different mass loading and thickness. For
these two electrodes, the effect of mass loading on capacity is found to be
relatively small over the range of rates tested. This finding also indicates high
accessibility of Li ions to the electrode active material throughout the full
thickness of the electrode structure for freeze tape cast electrodes.
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Figure 34. Charge-discharge profiles of (a) freeze tape cast vs. normal tape cast
MoLTO0.15 electrodes having the same loading of 4.2 mg cm-2, and (b) freeze
tape cast MoLTO0.15 electrodes prepared at -150 oC having two different
thicknesses of 80 and 150 μm with mass loadings of 4.2 and 8.2 mg cm-2
respectively.
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Figure 35 presents results from multiple cycling tests on three electrodes, all
having the same mass loading, which show effects of Mo-doping and freeze tape
casting on the observed capacity. The Mo-doped electrodes (red circles) had
higher capacity than the undoped electrodes (black squares), and the freeze cast
electrodes (blue triangles) had higher capacity under all conditions, especially
under high-rate conditions. Figure 35 also illustrates that all three electrodes
exhibit good cycle stability over the course of this experiment, which involved a
total of 55 cycles.

Figure 35. Cycle stability test of NTCLTO0.15-30, NTCMoLTO0.15-30 and
FTCMoLTO0.15-80-150 having the same loading of 4.2 mg cm-2.
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4.3 THOROUGH INVESTIGATION ON THE EFFECT OF MO
DOPING OF LTO
4.3.1 Effect of Mo Dopant on Structural Properties of LTO
In this section, more in depth investigation on structural and transport
properties of LTO were conducted after confirming the positive effect of Mo
dopant on electrochemical performance of LTO, as shown in section 4.2. As
described in section 3.1.1, Mo doped LTO samples with the composition of Li 4Ti5αMoαO12

(α= 0, 0.1, 0.2, 0.3,0.4) were synthesized at reducing atmosphere. In

order to investigate the effect of Mo dopant on properties of LTO, synthesized
powder or pellet were exposed to ambient atmosphere for 2 weeks. These
samples are identified as “aged”. Newly synthesized sample are identified as
“fresh”.
Figure 36 illustrates secondary phase of rutile in (ICSD 51941) XRD pattern of
Li4Ti5-αMoαO12 (α= 0.4) hence further investigations were limited to doping level
up to 0.3. XRD patterns of the Li4Ti5-αMoαO12 (α= 0, 0.1, 0.2, 0.3) synthesized
powder at 800 oC under reducing atmosphere are shown in Figure 37 a. The
diffraction peaks confirm to a cubic spinel structure (JCPDS card No. 49-0207)
without obvious impurity phase, indicating that Mo dopant is successfully
incorporated in the spinel lattice. Figure 37 b shows position of (111) peak for all
the fresh and aged samples.
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Figure 36. XRD spectrum of fresh MoLTO 0.4 powder showing rutile impurity.

The structural parameters of the sample are provided in Table 7. XRD results
suggest undoped fresh LTO has a lattice parameter of 4.81A and adding Mo
leads to shrinkage of the lattice, as evident by shifting (111) peak toward the
higher angles. The lowest lattice parameter is for 0.1 Mo addition. For “fresh’
camples as Mo dopant level increases, lattice parameter expands. For doping
levels of 0.1 to 0.2 and 0.3, the correponding latice parameter is 4.77, 4.78, and
4.80 A, respectively.
After exposing the samples to ambient atmosphere for two weeks, XRD analysis
was conducted again. XRD spectrum of aged undoped LTO shows shrinkage of
the lattice size to 4.78 A. The shrinkage of lattice parameters due to exposure to
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air is probably because of reoxidation of Ti3+, which formed in reducing
atmosphere at the time of synthesis, back to Ti4+. This phenomenon happens
due to reabsorption of oxygen into lattice. However, lattice size of aged Mo
doped samples’ expand as a result of exposure to air, as shown in Figure 37 b
and table 7. This behavior is strongly depends on Mo and Ti ions valences at the
time of substitution and the changes in these valence states as a result of
exposure to air.
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Figure 37 XRD spectra of fresh (new synthesized) and aged (after 2 week
exposure to air), doped and undoped LTO in range of a) 17 to 65o b)17 to 20 o.
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Table 7. Structural parameters obtained by XRD spectrum analysis

sample

(111)

D spacing

FWHM

(A)

(2theta)

fresh LTO

18.45

4.81

0.12

fresh MoLTO 0.1

18.58

4.77

0.15

fresh MoLTO 0.2

18.53

4.78

0.15

fresh MoLTO 0.3

18.47

4.80

0.16

aged LTO

18.55

4.78

0.1

aged MoLTO 0.1

18.5

4.79

0.15

aged MoLTO 0.2

18.40

4.82

0.18

aged MoLTO 0.3

18.33

4.84

0.22

MoO3 fully reduces to Mo metal at the temperature of 800oC under reducing
atmosphere, as shown in Figure 38. However, this reduction is not a single step.
Ressler [209] and so many others [210-212] investigated the reduction of MoO3
and reported that reduction of MoO3 to MoO2 is not a single step and
intermediate phases like Mo4O11 also forms. The following reaction of 1, 2 and 3
can happens simultaneously during reduction of MoO3 to MoO2.
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𝑀𝑜𝑂3 + 3𝐻2 → 𝑀𝑜𝑂2 + 𝐻2 𝑂

T<425 C

Eq 54

4𝑀𝑜𝑂3 + 𝐻2 → 𝑀𝑜4 𝑂11 + 𝐻2 𝑂

T> 425 C

Eq 55

4𝑀𝑜4 𝑂11 + 3𝐻2 → 4𝑀𝑜𝑂2 + 3𝐻2 𝑂

T>425 C

Eq 56

In addition, reaction of Li2CoO3 and TiO2 is between temperatures of 400 oC to
700oC [213], as shown in DSC result of in Figure 38.
As a result, it is quite probable that a mixture of multivalent of 4+ to 6+ Mo dopant
substitute the Ti4+ at the time of LTO synthesis. This is quite different than the
assumption of Song and co-worker that Mo maintains its 6 valence up to 800oC
[107].

Figure 38. DSC spectrum of reduction of MoO3 and reaction of LiCoO2 with TiO2

110

Mo6+ size (0.59Å) [214] is smaller than Ti4+ (0.6Å) [214] but as reported in the
literature reports it reduces some of the Ti4+ to Ti3+ (0.67Å) [214] which has a
bigger size. On the other hand, Mo4+ (0.65 Å) [214] is bigger than Ti4+ but it does
not produce Ti3+. As a result, shrinkage and expansion of the samples as
function of dopant level and time of exposure need further investigation which is
discussed below.
Figure 39 shows XRD spectrum of (2 2 0) plane of the fresh doped and undoped
samples. The (220) peak is sensitive only to the ions in the tetrahedral sites in
the spinel Li4/3Ti5/3O4 [65]. Since the tetrahedral sites are occupied only by Li ions
in the undoped spinel Li4/3Ti5/3O4 and Li+ ion has a much smaller scattering factor
than the other ions, comparing the size of the (220) peaks implies if the dopant is
on the tetrahedral sites or not. It is claimed that occupying tetrahedral sites can
reduce the Li ion [65]. As shown in Figure 39, all the samples’ peaks of (2 2 0)
plane are on the same scale, suggesting that Mo dopant are not occupying Li ion
in tetrahedral site. It is positive result that Mo doesn’t occupy Li site and so
doesn’t impede the Li ion movement in the lattice.
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Figure 39. XRD spectra of fresh doped and undoped LTO in range of 30.1 to
30.7 o

Figure 40a and b shows Ti 2p and Mo 3 d core-level XPS spectrum [107] of
undoped and doped LTO immediately after synthesis (fresh) and after 2 weeks of
exposure to air (aged).
In order to further investigate the effect of Mo dopant, X-ray photoelectron
spectroscopy (XPS) was conducted. Considering undoped sample, XPS peak of
Ti 2P suggests that initially Ti3+ is present in the sample immediately after
synthesizing the sample under reducing atmosphere but by air exposure Ti3+
oxidized back to Ti4+, as reported widely in literature [107, 215]. This result is also
compatible with XRD results, Figure 37 b, showing shrinkage of lattice size of
undoped sample upon air exposure.
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Considering doped samples, XPS spectrum of Mo suggests that as level of Mo
increases ratio of Mo4+/Mo6+ increases and Ti ion mostly remained in its 4+ state
initially. This is also compatible with XRD result. Due to the fact that Mo 4+ is
bigger than Ti4+, lattice size increases by increasing Mo dopant level, however,
since substitution of Mo4+ does not produce Ti3+, the lattice size is smaller than
undoped LTO. In addition, due to air exposure, Mo4+ oxidizes back to Mo+6 and
internally reduces the Ti4+ to Ti3+, leading to increase in lattice size of Mo doped
sample even further. To the best of our knowledge, this phenomenon has not
been reported in the literature yet. It is mainly claimed that higher valence
substitution like Mo6+ leads to production of Ti3+ [86, 96, 216]. However, to the
best of our knowledge, the effect of time of exposure on the ions valences and
also multivalent ion state at the time of substitution have not been considered
and often assumed to be unchanged. Therefore co-existence of higher valence
dopant such as Mo6+ [107] and W 6+ [96] with Ti3+ XPS peaks has been
considered as the main reason of Ti4+ to Ti3+ reduction with the mechanism of
∙∙
′
higher valence substitution 2[𝑀𝑜𝑇𝑖
] = [𝑇𝑖 𝑇𝑖
]. As it seems to be correct, but our

data shows that Mo4+ internal oxidation to Mo6+ is the main reason of internal
reduction of Ti4+ to Ti3+. It should be mentioned that WoO3 reduction behavior
[217] is quite similar to MoO3
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Figure 40. (a) Ti 2p core-level XPS spectra of undoped and doped LTO at fresh
and aged state. (b) Mo 3 d XPS spectrum of fresh and aged MoLTO0.1 and
MoLTO0.3
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In summary, the XRD and XPS result imply that Mo doping leads to internal
reduction of Ti4+ to Ti3+ which expand the lattice upon exposure to air.

4.3.2 Effect of Mo Dopant on LTO Transport Properties
Electronic Conductivity
The electronic conductivity was measured using the procedure discussed in
Section 3.2.5. Figure 41 a, c shows the electrochemical impedance spectroscopy
(EIS) spectrum of as sintered pellets painted with silver paste on both sides.
Table 8 provides the calculated electronic conductivity of the samples.
EIS spectrum of new undoped LTO synthesized in reducing atmosphere shows
two semicircles, one at low and one at high frequencies. Two semicircles
represents the parallel combination of geometrical capacitance and electronic
resistance at low frequencies and also a parallel combination of ionic resistance
and geometrical capacitance at higher frequencies [218]. In addition, there is no
low frequency tail due to electronic leakage [218]. This EIS spectrum is a
signature of having both high electronic and ionic conductivities and so it was
fitted by the circuit shown in Figure 24. Ri, Re are ionic, electronic resistivity. Cint,
Cgeom, is constant phase element forms at the interface of silver and sample and
at the whole sample due to its dielectric constant, respectively [218]. Ionic and
electronic conductivity were calculated to be 3×10-6 and 5.6×10-7 S.cm-1
respectively.
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Figure 41 a) Nyquist spectrum of a silver coated sintered pellet of fresh and aged
LTO b) ChronoA plot of fresh LTO c) Nyquist spectrum of fresh and aged Mo
doped LTO d) ChronoA plot of fresh and aged Mo doped LTO.

Table 8. Electronic conductivity of the fresh and aged doped and undoped
samples
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Sample

Average of

Technique

electronic
conductivity
(S/cm)
fresh LTO

5.6×10-7

EIS, ChronoA

fresh MoLTO 0.1

1.41×10-3

EIS, ChronoA

fresh MoLTO 0.2

2.9×10-3

EIS, ChronoA

fresh MoLTO 0.3

5.2×10-3

EIS, ChronoA

aged LTO

1 ×10-7

DC

aged MoLTO 0.1

1.71×10-3

EIS, ChronoA

aged MoLTO 0.2

3.25×10-3

EIS, ChronoA

aged MoLTO 0.3

5.51×10-3

EIS, ChronoA

Interestingly, a tail appeared and two semicircles merged into one after LTO
exposed to air for 2 weeks (Figure 41 a), indicative of pure ionic conductivity with
ionic resistivity equal to the semicircle diameter [218]. Ionic conductivity of aged
undoped LTO was calculated to be 1×10-6 S.cm-1. The observed decrease in
electronic conductivity with air exposure for undoped LTO can be explained by
the re-oxidation of Ti3+ to Ti4+ as a result of oxygen absorption from air [107, 215].
Shrinkage of lattice suggested by XRD, transition of binding energy shown by
XPS, and the reduction of conductivity proposed by EIS data confirms reoxidation of Ti3+ to Ti4+.
In addition to EIS, Chronoamperometry (ChronoA) technique was employed to
measure ionic and electronic conductivity of the undoped samples. A voltage
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step equal to 0.1 V was employed for 100 s on the Ag painted sintered pellets
and current was recorded. During application of a constant voltage the current
jumps to the value equal to V/Rt, in which V is voltage and Rt is total effective
resistance. After passing time, ionic part of current diminishes, due to silver
coating which acts as ion blocking electrode, and electronic conductivity
contribution causes the current to reach a constant value. Division of magnitude
of current drop to total current is in fact ionic transference number. Using this
technique ionic transference number of undoped new LTO was calculated to be
0.84, indicative of being mixed ionic and electronic conductive.
In addition, EIS spectrum of fresh Mo doped LTO shows one semicircle with
diameter equal to electronic resistivity (Ω.m) and no tail at low frequencies,
suggesting dominant electronic conduction (Figure 41 c).
Similarly, ChronoA with 0.1 V step voltage was conducted and, as shown in
Figure 41 d, the current increases in a step-function manner to a stationary value
with the applied load and also, decays in a step-function on switching off the
applied voltage. Such behavior is indicative of electronically dominated transport
and electronic conductivity can be easily calculated.
The electronic conductivity of fresh MoLTO 0.1, MoLTO 0.2 and MoLTO 0.3
were measured to be 1.4×10-3, 2.9×10-3 and 5.2×10-3 S.cm-1, respectively. These
values show about 4 order of magnitude increase in electronic conductivity of Mo
LTO new compared to undoped new LTO. Increase of electronic conductivity of
newly synthesized Mo doped LTO can be due to reduction of band gap of LTO
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as a result of Mo4+ doping [79], similar to other isovalence doping like Ru4+ [219]
and Zr4+ [220] and Cr4+ [221] and also production of free electron as a result of
Mo6+ substitution in Ti4+. However, since XPS results shows mainly Ti4+, increase
in electronic conductivity cannot be only due to mix Ti4+/Ti3+ valence as shown in
literatures [86, 202, 222, 223].
Table 8 shows the most interesting effect of Mo doping. It clearly shows that not
only Mo doping increases electronic conductivity, it leads to improvement of
electronic conductivity upon air exposure. It is widely claimed that higher
electronic stability of donor doped LTO is due to the partial reduction of Ti4+ ions
by the charge compensation as a result of the higher valent dopant which hinders
the generation of oxygen vacancies in the reducing atmosphere [86, 202, 222,
223]. However, the increase of electronic conductivity by exposure to air cannot
be explained by this mechanism.
Moreover, Sung and co-workers also reported the higher conductivity of Mo
doped LTO from 1.1 S m-1 to 1.4 S m-1 after passing 5 weeks of exposure to air
and claimed that increase in electron mobility is the reason of it [224]. As this
can be also true, our findings suggest that Mo lower valence oxidation to higher
valence internally reduces the Ti4+ partially to Ti3+, which can stable the
conductivity or even increase it as time of exposure passes.

Li-ion Diffusion Coefficient
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EIS [225-227], cyclic voltammetry (CV) [88, 94, 227], galvanostatic intermittent
titration techniques (GITT) [228] have been widely used in the literature for
determination of Li ion diffusion coefficient. EIS and CV techniques, on the
battery cell, require knowing the true electroactive area and also Li concentration
in the solid phase, making it hard to measure the exact value of Li ion diffusion.
In addition, contribution of Li ion diffusion in the electrolyte has been shown to
cause additional error in measuring Li ion diffusion coefficient in the solid phase.
In this study, Li ion diffusion coefficient was measured through electron blocking
electrode method on Li metal/Polyethylene oxide/Pellet (electrode)/ Polyethylene
oxide/Li metal cell using chronopotentiometry technique at room temperature
(25C). Polyethylene oxide (PEO) is doped with Li salt to be able to conduct Li ion
and block electron transport. Detailed explanation of sample preparation is
provided Section 3.2.6. To the best of our knowledge, no one has reported Li ion
diffusivity of LTO using this method. We have chosen this method in order to
eliminate the effect of Li ion interference from liquid electrolyte and also eliminate
the effect of electroactive surface area.
In this technique, after applying current, with passing time, contribution of
blocked electron will decrease and eventually vanishes and voltage reaches a
saturation point.
A plot of ln |V(t)-V(t = ∞)| vs. t will results in a straight line with slope of 8/𝜋 2 𝑇𝑓
and Li diffusion coefficient can be calculated using equation 23 described in
section 3.2.6 .
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Figure 42 a, b show voltage polarization as a function of time for all fresh and
aged undoped and Mo doped LTO samples. Initial voltage jumps were removed
from the curves. In addition, linear fitting of Ln(V-Vf) as a function of time and
calculated Li diffusion in shown in Figure 42 c, d for fresh and aged samples.
Table 9 shows a list of Li diffusion coefficient for all the samples.

Figure 42. Time dependent of voltage obtained by chronopotentiometry from the
electron blocking cell Li/PEO/Pellet/PEO/Li of a) fresh and b) aged pellets. Linear
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fitted results of voltage polarization results and calculated Li diffusion using Eq 2
c) fresh d) aged pellets

Table 9. Li diffusion coefficient of the fresh and aged doped and undoped
samples

Sample

Li diffusion
coefficient
(cm2/s)

Undoped fresh

sample shows Li

fresh LTO

8×10-9

fresh MoLTO 0.1

2.7×10-9

showing good

fresh MoLTO 0.2

5.6×10-9

match with the

value of 7.187×10-9

fresh MoLTO 0.3

9.1×10-9

cm2.s-1 reported by

aged LTO

1.8 ×10-9

aged MoLTO 0.1

4.8×10-9

aged MoLTO 0.2

9.3×10-9

aged MoLTO 0.3

1.3×10-8

diffusion coefficient

Bo Yang and CoAddition of Mo
and 0.2 level leads

of 8 ×10-9 cm2.s-1

workers [225]
dopant with 0.1
to Li diffusion

coefficient reduction to 2.67×10-9 ,5.36×10-9 cm2.s-1 which can be due to
shrinkage of their lattice and D spacing, as shown in Figure 37.
By increasing Mo level to 0.3, Li diffusion coefficient increases to 9.1×10 -9 cm2.s1.

The increase of MoLTO 0.3 new Li diffusion compared to lower level of

dopants can be due to expansion of lattice. In addition, on exposure to air Li
diffusion coefficient of undoped samples reduces about 4.5 times to the value of
1.8 ×10-9 cm2.s-1 , close to the Li diffusion coefficient of 1.6×10-11 cm2.s-1 reported
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for Li4Ti5O12 synthesized in air atmosphere which possess only Ti4+ [106]. This
behavior can be realized due to reoxidation of Ti3+ to Ti4+, leading to shrinkage of
lattice size of undoped sample due to air exposure (Figure 40).
Interestingly, as for doped samples, air exposure causes the Li diffusion
coefficient to increase further about 1.4 to 1.8 times compared to their new
synthesized ones. This behavior matches well with XPS and XRD results
suggesting increase in Ti3+ and expansion of lattice with air exposure in doped
samples.
4.3.3 Effect of Mo dopant on Electrochemical Performance of LTO
Half-Cell
Figure 43 shows polarization curves from galvanostatic discharge testing of cells
fabricated using 10µm dried thickness normal tape cast (designated as NTC) of
MoLTO 0.3 and LTO fresh and aged cathodes at various C rates. As shown in
Figure 43 a and b, upon increasing discharge rate both fresh NTCMoLTO 0.3
and fresh undoped samples shows reduction of capacity but cell with the
undoped electrodes experiences a considerably higher capacity loss as
compared to the cells with fresh NTCMoLTO 0.3 electrodes. From these
observations we infer that the Mo dopant is able to increase the rate capability of
LTO, probably due to improvement of electronic conductivity and Li ion diffusion
coefficient of LTO, as shown in Table 8 and 9.
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Although both cells of fresh and aged NTCMoLTO 0.3 electrodes show excellent
rate capability, cell with aged NTCMoLTO 0.3 electrode enjoys lower
overpotential, lower capacity loss as well as higher specific capacity at all the C
rates (Figure 43 a and b). This observation matches very well with observation of
higher ionic and electronic conductivities of aged MoLTO 0.3 powder compared
to the fresh one, as shown in Table 8 and 9. However, the cell with old undoped
electrode is showing considerably higher overpotential and lower rate capability
compared to the cell with fresh undoped NTCLTO electrodes. This also matches
with the observation that exposure to ambient atmosphere can oxidize the Ti 3+
back to Ti4+ causing of lower ionic and electronic conductivities, as discussed
before.
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Figure 43. Discharge profile of a) fresh b) aged NTCMoLTO 0.3 and c) fresh d)
aged Undoped NTCLTO

4.4 DETERMINATION OF THE ELECTROCHEMICAL
PARAMETERS NEEDED FOR SIMULATION OF
ELECTROCHEMICAL PERFORMANCE OF ELECTRODES

The next focus of the disseration is the simulation of the effect of microstructure,
thickness and tortuosity on electrochemical performance of the electrodes and
comparing them with the experimental result. MoLTO0.3 active material
synthesized in reducing atmosphere was chosen for this section. In this chapter
electrochemical parameters needed for simulation are discussed.
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4.4.1

MoLTO Open Circuit Voltage (OCV) and Li ion Diffusion
Coeficent vs State of Charge (SoC)

Active material open circuit voltage (OCV) as a function of SoC is one of the
most crucial data needed to measure experimentally and imported in simulation.
OCV shows the equilibrium voltage of active material at each SOC under no load
condition. In fact, OCV shows thermodynamic limitation of the system. Simulation
calculate the kinetic limitation or overpotential that cell experiences as a result of
applying current load and subtract the sum of all overpotentials from OCV to
calculate the polarization curve.
Galvanostatic intermittent titration technique (GITT) is one of the techniques for
OCV measurement. In this technique, the measurement consists of applying a
series of current pulses, each followed by a relaxation time in which no current
passes. By knowing time of that the current is passing, each SoC step can be
calculated and connecting all the voltage values at the end of each relaxation
time, OCV can be obtained. The detail of this technique are discussed in section
3.2.7. GITT experiment on the normal electrode half-cell of NTCMoLTO 0.3 at
current rate of C/50 is shown in Figures 44 a.
GITT, Li ion diffusion coefficient as a function of SOC can be also calculated
using Equation 26 [185] as discussed in section 3.2.7. Figure 44 b, c and d
shows one cycle at SoC of 0.06, 0.5 and 0.9, respectively. At the very initial
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lithium lithiation up to SoC of 0.06, lithium diffusion coefficient is at the highest
value about 1.6×10-14 m2/s. However, with further lithiation, up to SoC of 0.8
lithium diffusion coefficient maintains a constant value of about 1.2×10-17 and it
reduces fast to the value of 9.8×10-18 m2/s for SoC of 0.9. A mean value of 10-17
m2/s was used in the simulation. This value is also close to the value for
significant part of the SoC (from about 0.1 to 0.8).
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Figure 44. a) The intermittent discharge potential of Li-NTCMoLTO 0.3 cells
recorded through GITT at C/50 current. Cycle at SOC of b) 0.06, c) 0.5 and d)
0.9 and their corresponding Li ion diffusion coefficient calculated using equation
26.

4.4.2

Li Metal Exchange Current Desity

The exchange current density (i0) is given by [152]:

𝑖0 =

𝑅𝑇

Eq 57

𝐹𝐴𝑅𝑐𝑡

Figure 45 shows Nyquist plot of cell composed of three separators soaked in
electrolyte and sandwiched between one Li metal on with diameter of 12 mm
each side (Li/3sep/Li). Two semicircles can be detected. The semicircle at high
frequency is due to electrolyte ionic conductivity within the separator (Ri) and the
semicircle at low frequency is due to the Li metal charge transfer rate (Rct). The
Nyquist plot was simulated by the circuit shown in Figure 45 inset. Simulation of
EIS at low frequency region results in Rct equal to 182 ohm, using Equation 57, I0
can be calculated to be 1.248 A.m2. Lithium Metal exchange current density (i0) is
used in Equation 52 in the simulation.
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Figure 45. Nyquist plot of symmetric cell geometry of Li/3sep/Li cell.

4.4.3

Separator Tortuosity

Separator tortuosity measurement is discussed in detail in section 3.2.9.
Nyquist plot of one, two and three separators soaked in 1M EC: EMC sandwich
between Al foil is shown in Figure 46a.
As expected all the Nyquist plots are straight lines and the electrolyte resistance
can be easily obtained as the intersection of lines with real axis [12]. By knowing
the intrinsic conductivity of electrolyte, porosity of separator and dimension,
effective conductivity of electrolyte filling separator pores cab be calculated, as
described in section 3.2.9.
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Owing to in-plane ionic conduction in the separator, effective area was calculated
as sum of upper (78.5 mm2) and peripheral surface area (10Nπ).
Figure 46 b shows the apparent tortuosity as a function of number of the
separators (N). The slope of the fit represents the actual tortuosity of the
separator layers, calculated here for Celgard 2325 to be = 4.02. However,
apparent tortuosity of one separator is 5.37.
Non-zero intercept origin can be due to Ohmic contact resistance. In order to
verify the measurement, 1M EC: DMC electrolyte with conductivity of 12 mS/cm
was also used and tortuosity of 4.05 was obtained. The obtained tortuosity is in
good agreement with the value reported by Landesfeind et al [12] and Thorat et
al [11].

Figure 46. High frequency resistance of multiple layers of Celgard 2325 (with 1 M
LiPF6 in EC: EMC (3:7 w:w) separators, in a Al/Sep/Al cell b) The variation of the
tortuosity with the number of separators.
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4.4.4

Electrode Tortuosity

Electrode tortuisity measuremnet was discussed in detail in section 3.2.9.
Figure 47 shows Nyquist plot of the symmetrical cell composed of the
electrode/separator/electrode soaked in the non intercalating salt. Ionic
resistance through the pores of the materials can be modeled by transmission
line theory (TLM) under the blocking condition as described in detail [12, 186].
Extrapolation of high frequency region provides high frequency resistance
(RHFR) and low frequency region results in summation of RHFR and one third of
ionic resistance (Rion) within the pores of electrode [12, 186, 188, 194].
Experiment were repeated several times and by knowing the dimension and
porosity of the electrodes and using Equation 45 , tortuosity of the electrode were
calculated in range of 4.8 to 5.2 with the average of 5. Landesfeind and coworkers reported the value of 4.8 for LiFePo4 with low content of carbon at the
porosity of 0.5 which is comparable with the average value of 5 we obtained [12].
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Figure 47. Nyquist plot of symmetrical normal electrode soaked in nonintercalating salt solution.

4.5 SIMULATION OF THE EFFECT OF ELECTRODE
MICROSTRUCTURE AND THICKNESS ON
ELECTROCHEMICAL PERFORMANCE OF MOLTO0.3

The simulation of electrochemical performance of electrodes was done using the
procedure described in section 3.3.

4.5.1

Comparison Between Experiment and Simulation
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Comparison between experiment and simulation electrochemical response of a
normal tape cast electrode of 150 µm thickness shows an excellent match at all
the C rates of 0.5 to 2C, as shown Figure 48.

Figure 48. Simulated and measured discharge curves for normal tape cast
electrode with thickness of 150 µm (NTCMoLTO 0.3-150)

Figure 49 shows simulated and measured discharge curves for normal and
freeze tape cast electrodes of MoLTO 0.3 having thicknesses of 250 and 454 µm
respectively and a mass loading of 30.22 mg cm-2, at different discharge rates.
Both experiment and simulation show a limiting specific capacity of just under 5
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mAhg-1 at low C-rate, with some loss of capacity at the cutoff voltage of 1.0 V at
rates above 1 C. At the lower discharge rates of 0.2 and 0.5 C the simulations
match very well with experiment, however, at the higher discharge rates the
experimental results and the simulation shows to light deviation from each other.

We have chosen to show the experimental result of 250 of normal and 454 of
freeze cast to substantiate the point that at high thicknesses and C rates other
important parameters such as particle size and shape distribution effect,
inhomogeneity through the thickness of electrode, parasitic reactions, and the
difference between real 3D microstructure with the idealized 2D microstructure
caused the higher experimental overpotential in cell compared to simulation
prediction. To the best of our knowledge, the quite good agreement between
experiment and simulation at high electrode thicknesses of 150 and 250 µm has
not been reported, which indicates that the parameters chosen for the
computational model are appropriate. Mohammad Rashid and co-workers [200]
have recently reported a good match of experiment and simulation on LTO with
the electrode thickness as thin as 15µm. Also, Ali Ghorbani Kashkoli and coworkers [199] reported deviation of experiment from simulation at C rates of 1
and 5 for 20 µm LTO electrode.
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Figure 49. Simulated and measured discharge curves for a) normal tape cast
electrode with thickness of 250 µm (NTCMoLTO 0.3-250) and b) freeze tape cast
electrode with thickness of 454 µm (FTCMoLTO 0.3-454) with same mass
loading of 30.22mg cm-2. Discharge curves were measured and simulated at C
rate of 0.2, 0.5, 1 and 2C.

4.5.2

Effect of Electrode Microstructure, Thickness, Tortuosity and
Discharge Rate on Areal Capacity

A series of simulations was conducted at variable mass loading, electrode
thickness and discharge rates for both normal and freeze tape cast electrodes.
The results of these simulations are presented in Figure 50 as plots of areal
discharge capacity vs electrode thickness (Figure 49a) and mass loading (Figure
50b). For the thinner electrodes (i.e., <150 μm) having the lower mass loadings
(< 20 mg cm-2), the simulated discharge capacity is proportional to the electrode

135

thickness and mass loading at all discharge rates and for both normal and freeze
tape cast electrodes. This behavior indicates that the full electrode capacity is
accessed.

Figure 50. a) Areal capacity of normal (NTCMoLTO 0.3) and freeze tape cast
(FTCMoLTO 0.3) electrodes at different C rates as a a) function of thickness b)
mass loading

After exceeding a critical thickness or mass loading at each C rate, further
increase in thickness or mass loading do not result in proportionally more
capacity. This behavior indicates that some of the available capacity is not being
accessed. Finally, after exceeding a thickness or mass loading having a
maximum capacity, higher thickness or mass loading results in lower areal
capacity. Clearly, the higher mass-loading electrodes have large portions of
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active material that are inaccessible at the rates investigated in this work (0.5 – 3
C).

It is interesting to compare the results for freeze and normal tape cast electrodes.
The simulations in Figure 50a show that freeze cast electrodes may be fully
discharged up to 750 µm thickness at 1 C rate, 454 µm thickness at 2 C rate and
300 µm thickness at 3 C rate. In contrast, normal tape cast electrodes achieve
maximum areal capacity at thickness of 350, 200 and 150 µm at the same
discharge rates. Figure 50b shows a similar effect but with the data plotted as a
function of mass loading. Both plots show that electrodes having the
macroporous freeze cast architecture provide access to a larger capacity than
those having the normal tape cast architecture, for the same discharge rate and
mass loading. It seems likely that the beneficial effects of the macroporous
freeze-cast architecture have to do with improved electrolyte transport in the
macropores of freeze tape cast electrodes.

In order to better understand the effect of electrode microstructure on electrolyte
transport and discharging, Li salt concentration as well as active material local
state of charge (SoC) for normal and freeze tape cast electrodes as a function of
discharge time and spatial position in the electrodes were investigated and are
depicted in Figures 51 and 52.
Figure 51 considers the case of a normal tape cast electrode that is 250 µm thick
with a mass loading of 30.22 mg cm-2, for discharge rates of 0.5 C, 1 C and 2C.
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In these plots (Figure 50 a) a distance of 0 corresponds to the location where the
electrode is in contact with the separator, and distance of 250 µm corresponds to
the location where the electrode is in contact with the current collector. In the
narrative below we consider the results for the cases of low rate discharging,
high rate discharging, and intermediate rate discharging.
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Figure 51. a,b) Electrolyte concentration and Local SoC as a function of
electrode thickness for normal tape cast electrode with thickness of 250 µm at
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a,b) 0.5, c,d) 1 and e,f) 2 C. Note: Distant 0 is separator-electrode surface,
distant 0.25 mm is current collector side and end time means the end of
discharge time which for 0.5, 1 and 2C are 6650s, 3206s and 1023s, respectively

Low-rate discharge.

The plots for discharge at 0.5 C (Figure 51 a and b) show that electrolyte
concentration initially decreases near the current collector and increases near the
separator, and the electrode state of charge initially rises uniformly near the
current collector but to a greater extent near the separator.

This finding is rationalized as follows. As the electrode discharges, lithium salt is
consumed in the electrode pore spaces and is replenished by transport from the
separator side of the electrode. Salt concentration thus falls everywhere in the
electrode but also rises in the regions nearest to the separator. This situation
creates a salt concentration profile within the electrode, with salt concentration
highest near the separator and lowest near the current collector. A high local salt
concentration in the electrode pore spaces nearest to the separator has the
effect of causing those parts of the electrode closest to the separator to
discharge preferentially compared to those parts of the electrode closer to the
current collector.
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This phenomenon is readily seen in Figure 51 b via plots of state of charge vs
position in the electrode for various times following the start of discharge. For
example, after 1000 s the electrode is discharged uniformly and to a small extent
in the regions nearest to current collector but to a much greater extent in the
region closest to the separator.

This finding is rationalized as follows. A high local salt concentration causes the
local electrolyte concentration overpotential to decrease, which causes the
regions where salt concentration is highest to experience a greater driving force
for electrode discharge. The net effect is to cause the electrode to discharge from
the outside in, with the last parts to discharge being those closest to the current
collector. This latter point is evident in the two curves at longest times in Figure
51 b, which show the electrode to be fully discharged in the regions closest to the
separator but with some small amount of remaining capacity left to discharge in
the regions near the current collector. At the end of discharge, the local SoC has
changed from 0 to 1 for nearly the entire electrode, consistent with the fact that,
at this slow discharge rate, the full available capacity may be accessed.

High-rate discharge

Figures 51 e and f show variations in salt concentration and local state of charge
during discharge for the same electrode when using a much higher discharge
rate of 2C. The initial trends are similar to those seen at low discharge rate,
except that they occur more rapidly. After 500 s a salt concentration polarization
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gradient has developed with salt concentration diminished uniformly in regions
near the current collector and significantly elevated in regions near the separator.

The effects on local state of charge are similar to those in Figure 51 b; the region
near the current collector is uniformly discharged to a small degree and the
region near the separator is discharged to a much higher degree, such that the
electrode is again discharging from the outside in. A significant difference for the
higher discharge rate is that the discharge ends shortly after 500 s. At this time
the salt concentration in the electrode pore spaces in regions near the current
collector has dropped to nearly zero. This situation causes the electrolyte
concentration overpotential near the current collector to become very large, such
that a large applied potential is needed to drive the electrode reaction. The cell
potential drops below the designated cutoff value of 1 volt, thereby stopping the
discharge.

At the time the discharge is stopped, the electrode regions near the separator are
almost fully discharged but the regions near the current collector are much less
charged, such that the overall discharge capacity ends up being a small fraction
of the total available capacity. These finding illustrate the role that salt transport,
and especially local salt concentration, plays in determining the capacity
available from discharge at a particular rate.

Intermediate-rate discharge
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Figures 51 c and d illustrate the changes in salt concentration and local SoC
during discharge at an intermediate rate of 1C. At short times of 500 and 1000 s
the trends are the same as for low-rate discharge, i.e. a salt concentration
polarization develops with high salt concentration near the separator, and
electrode discharge occurs uniformly near the current collector and also
preferentially near the separator. After 2000 s an unusual effect is seen whereby
a high extent of discharge is seen in the regions near the separator and also near
the current collector. It is as if the electrode is discharging from the two edges
inward, with most of the remaining capacity localized in the electrode center.

This observation can be rationalize as reflecting some contribution from ohmic
potential losses in the electrode since electrolyte concentration and hence
electrolyte overpotential are constant in the region close to the current collector
as shown Figure 51 c.

Ohmic loss is smallest for regions near the current collector and greatest for
regions further from the current collector, causing the region near to current
collector to discharge faster. For a longer time after 2000 s the salt concentration
in the region near the current collector has dropped to near zero, which caused
the cell potential to decrease below 1 V and the discharge to stop, as described
for high-rate discharge.

It is instructive to examine the electrolyte concentration and state of charge
profiles for the freeze tape cast electrodes during discharge, and compare them
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with normal tape cast electrodes during a similar discharge. These results are
presented here. The simulation was conducted on freeze tape cast electrodes
with 454 µm thickness (same mass loading as normal tape cast with 250 µm
thickness) at discharge rate of 2C.

Figure 52 a show the simulated electrolyte concentration at the middle of one
cathode wall as well as in the middle of one macropore as a function of distance
from the separator, at different times following the start of discharge, for a freeze
tape cast electrode of thickness 454 µm. Electrolyte concentrations in the middle
of the walls and in the middle of macropores overlap all through the thickness of
electrode at all times which suggests that there is no substantial concentration
difference between the walls and macropores.

This finding reflects the fact that Li salt needs to move only 5 µm, equal to half
the thickness of the cathode wall, during discharge of these electrodes. Some
diminishment in electrolyte concentration in the macropores nearest the current
collector and some elevation in salt concentration near the separator are evident
as discharge progresses, but they never reach a level strong enough to produce
salt concentrations near zero, as was observed for rapid discharge of the normal
tape cast electrodes (e.g. Figure 51 e). The macropores contain enough salt to
allow for full charge and discharge of the electrode without a need for salt to
diffuse from the direction of the separator.
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Figure 52. a) Electrolyte concentration in in the middle of wall and macropores b)
local state of charge (SoC) in the middle of wall c) 2D graph of electrolyte
concentration at the end of discharge d) 2D graph of SoC at the end of discharge
through thickness of the electrode with 454.5 µm thickness discharging at 2C

Figure 52 b shows the local state of charge of a freeze tape cast electrode as a
function of distance from the current collector, for various times following the start
of discharge. In agreement with findings for the normal tape cast electrode,
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discharge occurs quickly in the region near the separator, probably because of
the increase in local salt concentration there as the salt is consumed throughout
the electrode as discharge proceeds.

At the same time, the electrode material near the current collector also
discharges quickly. The reason for this is probably a combination of the ready
availability of lithium salt from the macropores, which prevents strong salt
depletion near the current collector, and the possible action of ohmic loss from
low electronic conduction in the slabs of electrode material. Local current density
within the active material slabs is higher for the freeze tape cast electrodes than
for the normal tape cast electrodes because the freeze tape cast electrodes have
only half as much area in contact with the current collector. The higher current
density gives higher ohmic losses along the length of the electrode material slab,
which are exacerbated because discharge occurs at high rates in regions near
the separator.

The high ohmic losses cause the electrode regions near the current collector to
have the lowest overpotential, which means those regions of active material also
undergo fast discharge. The net effect is that the electrode charges from the two
ends in towards the middle, with the active material regions that are centered
between the separator and the current collector being the last to be discharged.
These findings highlight the value of simulation in understanding how electrodes
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charge and discharge. Insights such as this regarding the spatial distribution of
electrode discharge over time are not obtained from discharge curves:

Figure 53 presents simulation results showing areal capacity as a function of C
rate for normal and freeze tape cast electrodes having variable mass loading,
thicknesses and tortuosity. Solid lines are for electrodes with tortuosity of 5 while
dash lines are for electrodes with tortuosity of 10.

For normal tape cast electrodes having thickness of 150 and 250 µm (mass
loadings of 18.1 and 30.22 mg cm-2), doubling tortuosity at each thickness
causes rate capability to be reduced by half. Capacity starts to fall off from its
maximum at C rates of 3, and 1 in electrode with thickness of 150 and 250 µm
and tortuosity of 5, while it reduces to 2 and 0.5 when tortuosity is 10. In contrast,
freeze tape cast electrodes with thickness of 272.7 and 454.5 µm, with the same
mass loading as normal tape cast electrode with the thickness of 150 and 250
µm, show stable maximum areal capacity up to C rates of 6 and 2, about double
the maximum C rates of their normal tape cast electrode counterpart. In addition,
doubling the tortuosity has no profound effect on areal capacity of freeze tape
cast electrodes
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Figure 53. Areal capacity of normal and freeze tape cast electrodes with the
same mass loading as a function of discharge rate for two electrode thicknesses
and tortuosity

4.5.3

Effect of Electrode Microstructure, Thickness, Tortuosity and
Discharge Rate on Specific Energy

Figures 54 a, b shows specific energy obtained from simulations as a function of
electrode thickness (or mass loading) for normal and freeze tape cast electrodes
at different C rates. Specific energy was calculated considering the weight of just
the active material.
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As shown in Figure 54 a, discharging a normal tape cast electrode in two hours
(C = 0.5) is slow enough that the electrode can deliver its maximum specific
energy of 225Wh/kg even at high thickness. By increasing discharge rate, this
tolerance to electrode thickness reduces rapidly causing the drastic loss of
accessible specific energy. In addition, by doubling the tortuosity from 5 to 10,
specific energy fading of normal tape cast electrodes increases sharply.

On the other hand, electrodes having the anisotropic porous microstructure
characteristic of freeze tape casting, shown in Figure 54 b, show substantially
less fading of specific energy with increasing electrode thickness and mass
loading. In addition, the capacity fade is less sensitive to discharge rate and
tortuosity within the wall has almost no effect.
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Figure 54. specific energy as a function thickness, mass loading, C rate and
tortuosity for a) normal b) freeze tape cast electrode. Specific energy as a
function normalized electrode

4.5.4 Definition of Electrode Penetration Depth
Gallagher and co-workers have presented an expression for penetration depth of
electrolyte in an electrode. Their expression is given as equation 58 [229]:

𝐿𝑑 =

𝜀

𝐷𝑙 𝐹

Eq 58

0 )𝐼
𝜏 (1−𝑡+

In this equation, ɛ is porosity, 𝜏 is tortuosity, 𝐷𝑙 is Li salt diffusion coefficient,
𝑡+0 is the lithium transference number, 𝐼 is current density, and F is the Faraday
constant. One can then note that the volumetric capacity (QV) is equal to the
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thickness of electrode (L) multiplied by areal capacity (QA). Combining this
expression with Equation 23, one can thus write [229]:

𝑄𝐴 =

𝐿 𝜀

𝐷𝑙 𝐹

0 )𝐼
𝐿𝑑 𝜏 (1−𝑡+

𝑄𝑉

Eq 59

These expressions are useful because they allow for presentation and
comparison of discharge capacity data for a wide range of conditions, as plots of
the fraction of areal capacity obtained as a function of the electrode thickness
normalized to the quantity Ld. Figure 754 presents plots of this type for normal
tape cast electrodes (Figure 55 a) and freeze tape cast electrodes (Figure 55 b)
of varying electrode thicknesses and at different discharge rates.

Figure 55. Simulated results of normalized capacity for (a) normal tape cast and
(b) freeze tape cast electrodes, with varying electrode thickness and discharge
rate. Symbols represent normalized discharge capacity at a constant discharge
time or C-rate for different electrode thicknesses that utilize a constant set of
physical properties.
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In the case of a normal tape cast electrode structure, as long as L/Ld is less than
1.8, the capacity is near the maximum value for a given electrode (i.e., Q/Qm is
near 1.0). However, the accessible capacity begins to deviate strongly from the
maximum available capacity as electrode thickness becomes more than 1.8
times the electrolyte penetration depth. Interestingly, above the cutoff L/Ld value
of 1.8, all of the Q/Qm values with different thickness and C rates fall along a line
with the slope of -0.1.

For the freeze tape cast electrodes, a similar behavior is seen but the critical

L/Ld increases to the value of 8, compared to 1.8 for normal tape cast electrodes.
The observation reflects the fact that electrolyte accessibility is greater for
electrodes having the macroporous freeze tape geometry. The slope of the line
along which normalized capacity decreases as a function of L/Ld remained the
same as that for normal tape cast.
A presentation of specific energy vs a ratio of L/Ld can also be a useful way of
comparing results for a wide range of electrode thicknesses and conditions.
Figures 56 a and d present specific energy for the normal and freeze tape cast
electrodes considered in this work as a function of L/Ld. Both plots show a clear
difference between normal and freeze tape cast electrodes, with specific energy
always greater for freeze cast compared with normal tape cast for a given L/Ld
value (note that the range of L/Ld is different in Figures 56 a and b).
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Maximum specific energy values are similar for normal and freeze tape cast
electrodes because in both cases the energy is normalized to mass loading.
Specific energy of normal tape cast electrodes drops rapidly along the same line
for both tortuosity of 5 and 10 while freeze tape cast electrodes shows a milder
drop of specific energy (Figure 56 d) compared to normal tape cast electrode. In
addition, by doubling the tortuosity, the slope of the best-fit line for
measurements giving specific energies below the maximum value of 225 Wh kg-1
decreases since by doubling the tortuosity. L/Ld will be doubled while the freeze
tape cast electrodes still show same specific energy.

Figure 56. Specific energy as a function normalized electrode thickness with
tortuosity of 5 and 10 for a) normal b) freeze tape cast electrodes. Note: specific
energy calculated based on electrode alone not considering inactive
components.
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5. SUMMARY AND CONCLUSION

5.1 EFFECT OF PROCESSING PARAMETERS ON
MICROSTRUCTURE AND ELECTROCHEMICAL
PERFORMANCE OF ELECTRODE
Both normal tape casting and freeze tape casting processes were developed to
make electrodes of different thickness directly on current collector. For freeze
tape cast electrodes, the freezing temperature was found to be an important
processing variable. Freeze tape cast electrodes were made at freezing
temperatures of −130 0C, −150 0C and −170 0C. The microstructure of normal
tape cast electrodes showed fine homogeneous, isotropic structure with no
evidence for macroporosity. The microstructure of freeze tape cast electrodes at
−130 0C and −150 0C exhibited columnar and well-aligned pores arranged
throughout the sample, whereas the sample freeze tape cast at −170 0C showed
non-uniform randomly-oriented large pores. Based on these results, electrodes
frozen at −130 0C and −150 0C were further investigated. Pore and wall sizes of
samples were measured using Image J. The result showed that electrode freeze
tape cast at -130 0C had an average pore and wall size of 8 and 9 μm, and the
ones frozen at -150 0C had pore and wall size of 7 and 6 μm. From
electrochemical measurements, the specific capacity of normal tape cast LTO
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electrode showed a strong dependence on mass loading and electrode thickness
at all discharge rates. In addition, these electrodes showed a rapid capacity loss
as discharge rate increased. However, electrodes prepared using freeze tape
casting at a temperature of −150 0C showed significantly lower capacity loss as
discharge rate increased, and also showed minimal effect of mass
loading/electrode thickness on capacity. Electrodes that were freeze tape cast at
−150 0C exhibited nearly full utilization of active material in the electrodes even at
high thickness and high discharge rate.

5.2 EFFECT OF MO DOPING ON STRUCTURE AND TRANSPORT
PROPERTIES OF LITHIUM TITANATE (LTO)

In this dissertation, we synthesized LTO materials with a broad range of Mo
doping. Specifically, Li4Ti4-aMoaO5 (a= 0, 0.1,0.2, 0.3) powders were synthesized
under reducing atmosphere. The effect of Mo doping on the structure and
transport properties of LTO was investigated in detail. Electronic conductivity of
the samples was measured by electrochemical impedance spectroscopy (EIS)
and chronoamperometry techniques. The results showed significant
improvement of electronic conductivity, of about 4 order of magnitude, as a result
of Mo doping. Li diffusion coefficient measured immediately after sample
synthesis, using electron blocking technique, suggested improvement of Li
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diffusion coefficient from 8×10-9 for freshly synthesized LTO to 9.1×10-9 cm2.s-1
for freshly synthesized MoLTO0.3 sample (Li4Ti3.7Mo0.3O5). In addition, battery
cells with Mo doped LTO electrode showed considerably lower overpotential and
better rate capability as compared to undoped electrodes. These changes in the
electronic and ionic transport properties are correlated to the effect of Mo doping
on the crystal structure.
In order to investigate the effect of air exposure, all sample were exposed to air
for 2 weeks and X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), electronic conductivity and Li ion diffusivity experiments were conducted
and compared to the results for freshly synthesized samples. Results showed
that by exposure to ambient atmosphere, electronic conductivity, Li ion diffusion
coefficient and electrochemical performance of Mo doped samples improved.
This is opposite to the results for undoped LTO for which the electronic
conductivity, Li ion diffusion coefficient and electrochemical performance
deteriorated. From XRD results, it is concluded that the exposure to air leads to
expansion of Mo doped sample’s lattice and its shrinkage for undoped LTO.
Differential scanning calorimetry (DSC) results indicate that MoO3 reduces to
suboxides in the temperature range of LTO formation under reducing
atmosphere. This phenomenon leads to multivalent Mo dopant of 4+, 5+, and 6+
to be doped in LTO during synthesis. XPS results showed that by increasing
doping level, Mo4+ proportion increases and Ti remains in its 4+ state immediately
after synthesis. However, with exposure to air, Mo with lower valence (4+/5+)
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oxidizes to Mo with higher valence (5+/6+) and internally reduces a portion of the
Ti4+ to Ti3+. On the other hand for undoped LTO Ti3+ oxidized to Ti4+ due to air
exposure. Reduction of Ti4+ to Ti3+ with air exposure was able to explain increase
in electronic conductivity and lattice expansion which improves Li diffusivity of
Mo-doped LTO samples compared to undoped LTO.

5.3 EFFECT OF MICROSTRUCTURE, ELECTRODE THICKNESS
AND TORTUOSITY ON ELECTROCHEMICAL

PERFORMANCE OF LTO
A combined simulation and experimental study was performed on electrodes
having homogeneous isotropic (typical of normal tape cast electrodes) and
anisotropic hierarchical porous microstructure (typical of freeze tape cast
electrodes). The key finding of this work from both experiments and simulations
is that macropores can significantly improve the ability of thick electrodes with
high mass loading to rapidly discharge. Simulation showed that for mass
loadings as high as 30 mg cm-2, electrodes having a macroporous microstructure
created by freeze tape casting can deliver the same areal capacity as normal
tape cast electrodes but at three times faster rate. Moreover, electrochemical
performance metrics such as capacity and specific energy of electrodes having a
freeze tape cast microstructure were substantially improved as compared to
electrodes having a normal tape cast microstructure. Performance metrics for
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freeze tape cast electrodes were also approximately independent of tortuosity in
the active-material regions, which was not the case for electrodes prepared using
normal tape cast methods.
Macropores which were obtained by freeze tape casting were elongated through
the thickness of the electrode and acted as reservoirs of electrolyte causing fast
transport of Li salt, as a result of which electrolyte was always present near the
electrode active material and was not strongly depleted during discharge. On the
contrary, normal tape cast electrodes lacked this macro porosity which caused
the limitation of Li salt rapid transport from Li metal toward the current collector,
causing a large electrolyte overpotential and voltage drop. Knowledge of how
electrolyte concentrations change over time in different locations in the
electrodes, and the effect of electrode microstructure on those local electrolyte
concentration variations, will help in the design of next-generation electrodes
having engineered porous architecture to achieve rapid charge / discharge with
high mass loading for other active electrode materials.
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6. SUGGESTION FOR FUTURE WORK
6.1 SIMULATION OF ELECTROCHEMICAL PERFORMANCE OF
POROUS ELECTRODES
As far as simulation is concerned, using actual microstructure can improves the
accuracy of simulation specially at high discharge rates. Actual microstructure in
2 and 3D can be optain using X-ray tomography image stacks. Initial attempt to
simulate on 2D image obtained by X-ray tomography has been done. Figure 57
shows the Otsu segmentation of X-ray tomography image of porous electrode.

Figure 57. Otsu segmentation of X-ray micro-tomography (XRM) image of porous
electrode (400×1200 pixels)

Figure 58 shows the surface rendering of the 3D porous electrode with a volume
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of 300×300×800 voxels.

Figure 58. Surface rendering of 3D porous electrode using Rhino 5 software
(300×300×800 voxels)

Simulations should be done on these real 2D and 3D microstructures and
compared to each other and also to the idealized microstructure simulations
presented in this thesis. Based on these comparisons, an assessment can be
made of the advantage of simulations on real microstructures (since the
simulations on real microstructures is more demanding and involved).
Once the appropriate microstructure for simulations has been established,
simulation should be conducted on a few more combinations of active materials
and electrolytes. Ideally, this study will lead to an understanding of interrelations
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between material properties and electrode microstructure in determining the
performance of the electrode.

6.2 INTERNAL REDUCTION DUE TO MO-DOPING ON LITHIUM
TITANATE (LTO)

The understanding of the effect of Mo-doping on the transport properties of LTO
has opened a variety of future research topics. The experimental investigation
was done for one time point. A systematic time study should be conducted to
both study this mechanism in more detail.
At a broader level, the concept of internal reduction, i.e. change in the valence
state of one of the host multivalent ions (in this case Ti) due to doping with
multivalent ion (in this case Mo) can have broader applications. As an example,
this approach can be investigated for other oxides in which the transport
properties degrade with air exposure.

6.3

FREEZE TAPE CASTING FOR HIGHER CAPACITY
ELECTRODES

There is significant focus on a new class of high capacity cathodes - Ni-rich
Li(NixMnyCoz)O2. In this family, one of the most attractive cathode material is
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Li(Ni0.8Mn0.1Co0.1)O2 (NMC811). Investigation of the electrochemical
performance of freeze tape cast NMC811 should be investigated. NMC811 is
highly conductive. High conductivity will minimize ohmic loss in freeze tape cast
electrode and also lower amount of carbon additive will be required compared to
LTO.
The main difficulty in freeze tape casting of NMC811 is its reactivity with water
which causes leaching of Li and Ni. Attempts to alleviate this problem have been
made. One promising approach is coating NMC811 with (V2O5). As preliminary
experiments, we have coated NMC811 with nano layer of V2O5 using sol gel
technique. Initial results showed that its reactivity can be hindered as a result of
V2O5 layer. Figure 58 shows V2O5 layer around a NMC811 particle.

Figure 59. SEM micrograph of NMC811 particle with V2O5 coating layer.

162

Research should focus on the effect of V2O5 layer thickness on the leaching of Li
and Ni, the electrochemical performance of NMC811 with V2O5. Once an optimal
level of V2O5 layer thickness has been established. Techniques should be
developed for freeze tape casting of these material and the effect of
microstructure on their performance as a Li-ion battery electrode investigated
both experimentally and using simulations.

163

REFERENCES
[1] D. Andre, S.J. Kim, P. Lamp, S.F. Lux, F. Maglia, O. Paschos, B. Stiaszny, Journal of
Materials Chemistry A, 3 (2015) 6709-6732.
[2] M.M. Thackeray, C. Wolverton, E.D. Isaacs, Energy & Environmental Science, 5
(2012) 7854-7863.
[3] http://www.uscar.org/guest/teams/11/Electrochemical-Energy-Storage-Tech-Team,
in, 2013.
[4] S.-M.O. H. Kim, B. Scrosati, Y.-K. Sun, Chapter 9 – High-performance electrode
materials for lithium-ion batteries for electric vehicles, in: Advances in Battery
Technologies for Electric Vehicles, 2015, pp. 191-241.
[5] T. Danner, M. Singh, S. Hein, J. Kaiser, H. Hahn, A. Latz, Journal of Power Sources,
334 (2016) 191-201.
[6] M. Singh, J. Kaiser, H. Hahn, Journal of the Electrochemical Society, 162 (2015)
A1196-A1201.
[7] R. Zhao, J. Liu, J.J. Gu, Applied Energy, 139 (2015) 220-229.
[8] D.L. Wood, J.L. Li, C. Daniel, Journal of Power Sources, 275 (2015) 234-242.
[9] C. Fongy, A.C. Gaillot, S. Jouanneau, D. Guyomard, B. Lestriez, Journal of the
Electrochemical Society, 157 (2010) A885-A891.
[10] P.A. Johns, M.R. Roberts, Y. Wakizaka, J.H. Sanders, J.R. Owen, Electrochemistry
Communications, 11 (2009) 2089-2092.
[11] I.V. Thorat, D.E. Stephenson, N.A. Zacharias, K. Zaghib, J.N. Harb, D.R. Wheeler,
Journal of Power Sources, 188 (2009) 592-600.
[12] J. Landesfeind, J. Hattendorff, A. Ehrl, W.A. Wall, H.A. Gasteiger, Journal of The
Electrochemical Society, 163 (2016) A1373-A1387.
[13] C.J. Bae, C.K. Erdonmez, J.W. Halloran, Y.M. Chiang, Advanced Materials, 25
(2013) 1254-1258.
[14] J. Wang, H. Zhou, J. Nanda, P.V. Braun, Chemistry of Materials, 27 (2015) 28032811.
[15] S. Deville, Advanced Engineering Materials, 10 (2008) 155-169.
[16] R. Liu, T. Xu, C.-a. Wang, Ceramics International, 42 (2016) 2907-2925.
[17] J. Orlenius, O. Lyckfeldt, K.A. Kasvayee, P. Johander, Journal of Power Sources,
213 (2012) 119-127.

164

[18] S. Behr, in: Institute Advanced Ceramics, Hamburg University of Technology,
Hamburg, GE, 2012.
[19] S. Behr, R. Amin, Y. Chiang, A. Tomsia, Ceramic Forum International/Ber. der DKG,
92 (2015) E39-E43.
[20] S. Zavareh, A. Hilger, K. Hirselandt, O. Goerke, I. Manke, J. Banhart, A. Gurlo,
Journal of the Ceramic Society of Japan, 124 (2016) 1067-1071.
[21] A.Z. Lichtner, D. Jauffrès, C.L. Martin, R.K. Bordia, Journal of the American Ceramic
Society, 96 (2013) 2745-2753.
[22] Y. Chen, J. Bunch, T.S. Li, Z.P. Mao, F.L. Chen, Journal of Power Sources, 213
(2012) 93-99.
[23] S.W. Sofie, Journal of the American Ceramic Society, 90 (2007) 2024-2031.
[24] L.L. Ren, Y.P. Zeng, D.L. Jiang, Journal of the American Ceramic Society, 90
(2007) 3001-3004.
[25] D. Roussel, A. Lichtner, D. Jauffrès, R.K. Bordia, C.L. Martin, Computational
Materials Science, 96, Part A (2015) 277-283.
[26] H. Ley, E. Konig, Z. Chern. B, 14 (1938) 365-387.
[27] G. Dubpernell, J.H. Westbrook, in, Electrochemical Society, 1978.
[28] B. Scrosati, Journal of Solid State Electrochemistry, 15 (2011) 1623-1630.
[29] A. Volta, Trans, 2 (1800) 430.
[30] G. Leclanche, Compt. rend, 83 (1866) 54-56.
[31] J. Phipps, T. Hayes, P. Skarstad, D. Untereker, Solid State Ionics, 18 (1986) 10731077.
[32] M.S. Whittingham, Progress in Solid State Chemistry, 12 (1978) 41-99.
[33] K. Mizushima, P. Jones, P. Wiseman, J. Goodenough, Solid State Ionics, 7 (1981)
314-321.
[34] M.S.W. John B. Goodenough, Akira Yoshino, in: NobelPrize.org, Nobel Media AB
2020.
[35] T. Nagaura, K. Tozawa, JEC Press, 9 (1990) 209.
[36] D. Deng, M.G. Kim, J.Y. Lee, J. Cho, Energy & Environmental Science, 2 (2009)
818-837.
[37] S. LeVine, Foreign Policy, (2010) 88.
[38] D. Andre, S.-J. Kim, P. Lamp, S.F. Lux, F. Maglia, O. Paschos, B. Stiaszny, Journal
of Materials Chemistry A, 3 (2015) 6709-6732.
[39] M.M. Thackeray, C. Wolverton, E.D. Isaacs, Energy & Environmental Science, 5
(2012) 7854-7863.

165

[40] http://www.uscar.org/guest/teams/11/Electrochemical-Energy-Storage-Tech-Team,
Electrochemical Energy Storage Technical Team Roadmap.
[41] S. Long, G. Chen, T. Li, in, Missouri University of Science and Technology, 2017.
[42] D. Deng, Energy Science & Engineering, 3 (2015) 385-418.
[43] A. Yoshino, Angewandte Chemie International Edition, 51 (2012) 5798-5800.
[44] https://evannex.com/blogs/news/understanding-teslas-lithium-ion-batteries, in.
[45] J.-M. Tarascon, M. Armand, Issues and challenges facing rechargeable lithium
batteries, in: Materials for Sustainable Energy: A Collection of Peer-Reviewed Research
and Review Articles from Nature Publishing Group, World Scientific, 2011, pp. 171-179.
[46] B. Zhao, R. Ran, M. Liu, Z. Shao, Materials Science and Engineering: R: Reports,
98 (2015) 1-71.
[47] J.W. Fergus, Journal of Power Sources, 195 (2010) 939-954.
[48] Z. Yang, R. Li, Z. Deng, Scientific Reports, 8 (2018) 863.
[49] A.K.-G. Elham Kamali Heidari, Mahmoud Heydarzadeh Sohi, Abolghasem Ataie,
Journal of Ultrafine Grained and Nanostructured Materials, Vol. 51 (2018) 1-12.
[50] T.-H. Kim, J.-S. Park, S.K. Chang, S. Choi, J.H. Ryu, H.-K. Song, Advanced Energy
Materials, 2 (2012) 860-872.
[51] J. Yang, J. Yu, Y. Huang, Journal of the European Ceramic Society, 31 (2011)
2569-2591.
[52] P. Verma, P. Maire, P. Novák, Electrochimica Acta, 55 (2010) 6332-6341.
[53] D. Aurbach, E. Zinigrad, Y. Cohen, H. Teller, Solid state ionics, 148 (2002) 405-416.
[54] O.R.o.S. G.H. Jonker, Proceedings 3rd Int. Symp, Madrid, Spain, 1956 p. 1957., in.
[55] A. Deschanvres, B. Raveau, Z. Sekkal, Materials Research Bulletin, 6 (1971) 699704.
[56] D.C. Johnston, H. Prakash, W.H. Zachariasen, R. Viswanathan, Materials Research
Bulletin, 8 (1973) 777-784.
[57] C. Chen, M. Spears, F. Wondre, J. Ryan, Journal of Crystal Growth, 250 (2003)
139-145.
[58] D.W. Murphy, R.J. Cava, S.M. Zahurak, A. Santoro, Solid State Ionics, 9-10 (1983)
413-417.
[59] K.M. Colbow, J.R. Dahn, R.R. Haering, Journal of Power Sources, 26 (1989) 397402.
[60] E. Ferg, R.J. Gummow, A. de Kock, M.M. Thackeray, Journal of The
Electrochemical Society, 141 (1994) L147-L150.

166

[61] D.W. Murphy, R.J. Cava, S.M. Zahurak, A. Santoro, Solid State Ionics, 9 (1983)
413-417.
[62] T. Ohzuku, A. Ueda, N. Yamamoto, Journal of The Electrochemical Society, 142
(1995) 1431-1435.
[63] M.R. Harrison, P.P. Edwards, J.B. Goodenough, Journal of Solid State Chemistry,
54 (1984) 136-155.
[64] S. Scharner, W. Weppner, P. Schmid‐Beurmann, Journal of The Electrochemical
Society, 146 (1999) 857-861.
[65] C.H. Chen, J.T. Vaughey, A.N. Jansen, D.W. Dees, A.J. Kahaian, T. Goacher, M.M.
Thackeray, Journal of The Electrochemical Society, 148 (2001) A102-A104.
[66] C.Y. Ouyang, Z.Y. Zhong, M.S. Lei, Electrochemistry Communications, 9 (2007)
1107-1112.
[67] L. Wang, Z. Zhang, G. Liang, X. Ou, Y. Xu, Powder Technology, 215–216 (2012)
79-84.
[68] L. Yang, L. Gao, Journal of Alloys and Compounds, 485 (2009) 93-97.
[69] H.-G. Jung, J. Kim, B. Scrosati, Y.-K. Sun, Journal of Power Sources, 196 (2011)
7763-7766.
[70] L. Cheng, X.-L. Li, H.-J. Liu, H.-M. Xiong, P.-W. Zhang, Y.-Y. Xia, Journal of The
Electrochemical Society, 154 (2007) A692-A697.
[71] Z. Zhu, F. Cheng, J. Chen, Journal of Materials Chemistry A, 1 (2013) 9484-9490.
[72] S. Huang, Z. Wen, B. Lin, J. Han, X. Xu, Journal of Alloys and Compounds, 457
(2008) 400-403.
[73] S. Huang, Z. Wen, X. Zhu, X. Yang, Journal of The Electrochemical Society, 152
(2005) A1301-A1305.
[74] S. Huang, Z. Wen, J. Zhang, Z. Gu, X. Xu, Solid State Ionics, 177 (2006) 851-855.
[75] S. Huang, Z. Wen, X. Zhu, Z. Gu, Electrochemistry Communications, 6 (2004) 10931097.
[76] K.-S. Park, A. Benayad, D.-J. Kang, S.-G. Doo, Journal of the American Chemical
Society, 130 (2008) 14930-14931.
[77] J.-P. Zhu, J.-J. Zhao, H.-W. Yang, G. Yang, Advanced Science Letters, 4 (2011)
484-487.
[78] H. Shiiba, M. Nakayama, M. Nogami, Solid State Ionics, 181 (2010) 994-1001.
[79] Z. Zhong, Electrochemical and Solid-State Letters, 10 (2007) A267-A269.
[80] T.-F. Yi, J. Shu, Y.-R. Zhu, X.-D. Zhu, C.-B. Yue, A.-N. Zhou, R.-S. Zhu,
Electrochimica Acta, 54 (2009) 7464-7470.

167

[81] T.-F. Yi, J. Shu, Y.-R. Zhu, X.-D. Zhu, R.-S. Zhu, A.-N. Zhou, Journal of Power
Sources, 195 (2010) 285-288.
[82] Z. Yu, X. Zhang, G. Yang, J. Liu, J. Wang, R. Wang, J. Zhang, Electrochimica Acta,
56 (2011) 8611-8617.
[83] H. Li, L. Shen, X. Zhang, P. Nie, L. Chen, K. Xu, Journal of The Electrochemical
Society, 159 (2012) A426-A430.
[84] B. Tian, H. Xiang, L. Zhang, H. Wang, Journal of Solid State Electrochemistry, 16
(2012) 205-211.
[85] N. Kumagai, D. Yoshikawa, Y. Kadoma, K. Ui, Electrochemistry, 78 (2010) 754-756.
[86] B. Tian, H. Xiang, L. Zhang, Z. Li, H. Wang, Electrochimica Acta, 55 (2010) 54535458.
[87] J. Gao, J. Ying, C. Jiang, C. Wan, Ionics, 15 (2009) 597-601.
[88] T.-F. Yi, Y. Xie, Q. Wu, H. Liu, L. Jiang, M. Ye, R. Zhu, Journal of Power Sources,
214 (2012) 220-226.
[89] T.-F. Yi, S.-Y. Yang, X.-Y. Li, J.-H. Yao, Y.-R. Zhu, R.-S. Zhu, Journal of Power
Sources, 246 (2014) 505-511.
[90] K. Song, D.-H. Seo, M.R. Jo, Y.-I. Kim, K. Kang, Y.-M. Kang, The Journal of
Physical Chemistry Letters, 5 (2014) 1368-1373.
[91] C.W. Xiao, Y. Ding, J.T. Zhang, X.Q. Su, G.R. Li, X.P. Gao, P.W. Shen, Journal of
Power Sources, 248 (2014) 323-329.
[92] X. Li, M. Qu, Z. Yu, Journal of Alloys and Compounds, 487 (2009) L12-L17.
[93] F. Gu, G. Chen, Z. Wang, Journal of Solid State Electrochemistry, 16 (2012) 375382.
[94] Q. Zhang, H. Lu, H. Zhong, X. Yan, C. Ouyang, L. Zhang, Journal of Materials
Chemistry A, 3 (2015) 13706-13716.
[95] X.-l. Zhang, G.-r. Hu, Z.-d. Peng, Journal of Central South University, 20 (2013)
1151-1155.
[96] Q. Zhang, C. Zhang, B. Li, D. Jiang, S. Kang, X. Li, Y. Wang, Electrochimica Acta,
107 (2013) 139-146.
[97] S. Huang, Z. Wen, Z. Gu, X. Zhu, Electrochimica Acta, 50 (2005) 4057-4062.
[98] Z. Zhao, Y. Xu, M. Ji, H. Zhang, Electrochimica Acta, 109 (2013) 645-650.
[99] J. Qiu, C. Lai, E. Gray, S. Li, S. Qiu, E. Strounina, C. Sun, H. Zhao, S. Zhang,
Journal of Materials Chemistry A, 2 (2014) 6353-6358.
[100] J. Wolfenstine, U. Lee, J.L. Allen, Journal of Power Sources, 154 (2006) 287-289.

168

[101] B. Yan, M. Li, X. Li, Z. Bai, J. Yang, D. Xiong, D. Li, Journal of Materials Chemistry
A, 3 (2015) 11773-11781.
[102] M. Kamata, T. Esaka, N. Kodama, S. Fujine, K. Yoneda, K. Kanda, Journal of The
Electrochemical Society, 143 (1996) 1866-1870.
[103] S. Takai, M. Kamata, S. Fujine, K. Yoneda, K. Kanda, T. Esaka, Solid State Ionics,
123 (1999) 165-172.
[104] M. Vijayakumar, S. Kerisit, K.M. Rosso, S.D. Burton, J.A. Sears, Z. Yang, G.L.
Graff, J. Liu, J. Hu, Journal of Power Sources, 196 (2011) 2211-2220.
[105] K.T. Fehr, M. Holzapfel, A. Laumann, E. Schmidbauer, Solid State Ionics, 181
(2010) 1111-1118.
[106] N. Takami, K. Hoshina, H. Inagaki, Journal of The Electrochemical Society, 158
(2011) A725-A730.
[107] H. Song, T.-G. Jeong, Y.H. Moon, H.-H. Chun, K.Y. Chung, H.S. Kim, B.W. Cho,
Y.-T. Kim, Scientific Reports, 4 (2014) 4350.
[108] P. Sepulveda, J. Binner, Journal of the European Ceramic Society, 19 (1999)
2059-2066.
[109] A.R. Studart, U.T. Gonzenbach, E. Tervoort, L.J. Gauckler, Journal of the
American Ceramic Society, 89 (2006) 1771-1789.
[110] P. Colombo, Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 364 (2005) 109-124.
[111] I.Y. Guzman, Glass and Ceramics, 60 (2003) 280-283.
[112] S.Y. Shan, J.F. Yang, J.Q. Gao, W.H. Zhang, Z.H. Jin, R. Janssen, T. Ohji, Journal
of the American Ceramic Society, 88 (2005) 2594-2596.
[113] H. Kamiya, K. Gomi, Y. Iida, K. Tanaka, T. Yoshiyasu, T. Kakiuchi, Journal of the
American Ceramic Society, 86 (2003) 2011-2018.
[114] W. Xue, Y. Huang, Z. Xie, W. Liu, Journal of the European Ceramic Society, 32
(2012) 3151-3159.
[115] S.A. Corr, D.P. Shoemaker, E.S. Toberer, R. Seshadri, Journal of Materials
Chemistry, 20 (2010) 1413-1422.
[116] G.L. Drisko, A. Zelcer, V. Luca, R.A. Caruso, G.J.d.A. Soler-Illia, Chemistry of
materials, 22 (2010) 4379-4385.
[117] S. Bose, S. Vahabzadeh, A. Bandyopadhyay, Materials today, 16 (2013) 496-504.
[118] J. Ruiz‐Morales, D. Marrero‐López, J. Canales‐Vázquez, P. Nunez, J. Domínguez‐
González, Fuel Cells, 11 (2011) 144-149.
[119] H. Nishihara, S.R. Mukai, D. Yamashita, H. Tamon, Chemistry of materials, 17
(2005) 683-689.

169

[120] T. Fukasawa, Z.-Y. Deng, M. Ando, T. Ohji, Y. Goto, Journal of Materials Science,
36 (2001) 2523-2527.
[121] Z.-Y. Deng, H.R. Fernandes, J.M. Ventura, S. Kannan, J.M.F. Ferreira, Journal of
the American Ceramic Society, 90 (2007) 1265-1268.
[122] K. Araki, J.W. Halloran, Journal of the American Ceramic Society, 88 (2005) 11081114.
[123] S. Deville, E. Saiz, R.K. Nalla, A.P. Tomsia, Science, 311 (2006) 515-518.
[124] K.K. Mallick, J. Winnett, W. van Grunsven, J. Lapworth, G.C. Reilly, Journal of
Biomedical Materials Research Part A, 100 (2012) 2948-2959.
[125] U.G. Wegst, M. Schecter, A.E. Donius, P.M. Hunger, Philosophical Transactions of
the Royal Society A: Mathematical, Physical and Engineering Sciences, 368 (2010)
2099-2121.
[126] J.-W. Kim, K. Tazumi, R. Okaji, M. Ohshima, Chemistry of Materials, 21 (2009)
3476-3478.
[127] G. Wilde, J. Perepezko, Materials Science and Engineering: A, 283 (2000) 25-37.
[128] D.L. C Miller, TWang, and R Noort. Freeze Casting of High Strenght Composites,
f.D.A.I.P.E.F.o.t.I.A. for, Dental Research.
[129] P.T. Nguyen, J. Ulrich, Chemical Engineering & Technology, 37 (2014) 1376-1382.
[130] S.-W. Yook, H.-E. Kim, B.-H. Yoon, Y.-M. Soon, Y.-H. Koh, Materials letters, 63
(2009) 955-958.
[131] Y.-M. Soon, K.-H. Shin, Y.-H. Koh, J.-H. Lee, H.-E. Kim, Materials Letters, 63
(2009) 1548-1550.
[132] M.N. Rahaman, Q. Fu, Journal of the American Ceramic Society, 91 (2008) 41374140.
[133] K. Araki, J.W. Halloran, Journal of the American Ceramic Society, 87 (2004) 20142019.
[134] E. Munch, E. Saiz, A.P. Tomsia, S. Deville, Journal of the American Ceramic
Society, 92 (2009) 1534-1539.
[135] S. Deville, E. Saiz, A.P. Tomsia, Acta Materialia, 55 (2007) 1965-1974.
[136] Y.H. Koh, E.J. Lee, B.H. Yoon, J.H. Song, H.E. Kim, H.W. Kim, Journal of the
American Ceramic Society, 89 (2006) 3646-3653.
[137] S.W. Sofie, F. Dogan, Journal of the American Ceramic Society, 84 (2001) 14591464.
[138] M. Fukushima, M. Nakata, Y.-i. Yoshizawa, Journal of the Ceramic Society of
Japan, 116 (2008) 1322-1325.

170

[139] M. Fukushima, M. Nakata, Y. Zhou, T. Ohji, Y.-i. Yoshizawa, Journal of the
European Ceramic Society, 30 (2010) 2889-2896.
[140] M. Fukushima, S. Tsuda, Y.i. Yoshizawa, Journal of the American Ceramic
Society, 96 (2013) 1029-1031.
[141] Y. Yamashita, R. Miura, Y. Takemoto, S. TSUDA, H. KAWAHARA, H. OBATA,
Bioscience, biotechnology, and biochemistry, 67 (2003) 461-466.
[142] K.H. Zuo, Y.-P. Zeng, D. Jiang, Materials Science and Engineering: C, 30 (2010)
283-287.
[143] Y. Zhang, L. Hu, J. Han, Z. Jiang, Ceramics International, 36 (2010) 617-621.
[144] L. Hu, C.-A. Wang, Y. Huang, C. Sun, S. Lu, Z. Hu, Journal of the European
Ceramic Society, 30 (2010) 3389-3396.
[145] A. Lichtner, D. Jauffrès, D. Roussel, F. Charlot, C. Martin, R.K. Bordia, Journal of
the European Ceramic Society, 35 (2015) 585-595.
[146] A.Z. Lichtner, D. Jauffrès, C.L. Martin, R.K. Bordia, Journal of the American
Ceramic Society, 96 (2013) 2745-2753.
[147] N.O. Shanti, K. Araki, J.W. Halloran, Journal of the American Ceramic Society, 89
(2006) 2444-2447.
[148] J.-W. Moon, H.-J. Hwang, M. Awano, K. Maeda, Materials Letters, 57 (2003) 14281434.
[149] D. Koch, L. Andresen, T. Schmedders, G. Grathwohl, Journal of sol-gel science
and technology, 26 (2003) 149-152.
[150] B.H. Yoon, Y.H. Koh, C.S. Park, H.E. Kim, Journal of the American Ceramic
Society, 90 (2007) 1744-1752.
[151] A. Rempel, M. Worster, Journal of Crystal Growth, 205 (1999) 427-440.
[152] D. Linden, T. Reddy, Linden's Handbook of Batteries, 4th Edition, 2010.
[153] K.M. Tsang, W.L. Chan, Y.K. Wong, L. Sun, in: 2010 IEEE International
Conference on Automation and Logistics, 2010, pp. 98-102.
[154] A. Shafiei, A. Momeni, S.S. Williamson, in: 2011 ieee vehicle power and
propulsion conference, IEEE, 2011, pp. 1-5.
[155] P. Rong, M. Pedram, IEEE Transactions on Very Large Scale Integration (VLSI)
Systems, 14 (2006) 441-451.
[156] D. Rakhmatov, S. Vrudhula, D.A. Wallach, IEEE Transactions on Very Large Scale
Integration (VLSI) Systems, 11 (2003) 1019-1030.
[157] M. Doyle, T.F. Fuller, J. Newman, Journal of the Electrochemical society, 140
(1993) 1526-1533.

171

[158] A. Fotouhi, D.J. Auger, K. Propp, S. Longo, M. Wild, Renewable and Sustainable
Energy Reviews, 56 (2016) 1008-1021.
[159] J. Newman, E. Thomas-Alyea, in, John Wiley & Sons: New York, 2004.
[160] P.M. Gomadam, J.W. Weidner, R.A. Dougal, R.E. White, Journal of power
sources, 110 (2002) 267-284.
[161] B. Pattipati, C. Sankavaram, K. Pattipati, IEEE Transactions on Systems, Man, and
Cybernetics, Part C (Applications and Reviews), 41 (2011) 869-884.
[162] M. Thele, O. Bohlen, D.U. Sauer, E. Karden, Journal of Power Sources, 175
(2008) 635-643.
[163] A. Fotouhi, K. Propp, D.J. Auger, in: 2015 7th Computer Science and Electronic
Engineering Conference (CEEC), IEEE, 2015, pp. 243-248.
[164] V.H. Johnson, Journal of Power Sources, 110 (2002) 321-329.
[165] Z.M. Salameh, M.A. Casacca, W.A. Lynch, IEEE Transactions on Energy
Conversion, 7 (1992) 93-98.
[166] S.M. Mousavi G, M. Nikdel, Renewable and Sustainable Energy Reviews, 32
(2014) 477-485.
[167] B.S. Haran, B.N. Popov, R.E. White, Journal of Power Sources, 75 (1998) 56-63.
[168] E. Kuhn, C. Forgez, P. Lagonotte, G. Friedrich, Journal of Power Sources, 158
(2006) 1490-1497.
[169] J. Jespersen, A.E. Tønnesen, K. Nørregaard, L. Overgaard, F. Elefsen, World
Electric Vehicle Journal, 3 (2009) 127-133.
[170] C. Birkl, D. Howey, (2013).
[171] R. Zhao, J. Liu, J. Gu, Applied Energy, 139 (2015) 220-229.
[172] S. Behr, R. Amin, Y. Chiang, A. Tomsia, in: Ceram. Forum Int, 2015, pp. E39-E43.
[173] M.A. Ghadkolai, S. Creager, J. Nanda, R.K. Bordia, Journal of The Electrochemical
Society, 164 (2017) A2603-A2610.
[174] J. Castle, Surface and Interface Analysis, 6 (1984) 302-302.
[175] A.L. Stanford, J.M. Tanner, 9 - Mechanics of Fluids, in: A.L. Stanford, J.M. Tanner
(Eds.) Physics for Students of Science and Engineering, Academic Press, 1985, pp.
234-264.
[176] R.A. Huggins, Ionics, 8 (2002) 300-313.
[177] Y. Liu, S. Gorgutsa, C. Santato, M. Skorobogatiy, Journal of the Electrochemical
Society, 159 (2012) A349-A356.
[178] C. Wagner, in, S, 1957.
[179] I. Yokota, Journal of the Physical Society of Japan, 16 (1961) 2213-2223.

172

[180] J. Maier, Physical chemistry of ionic materials: ions and electrons in solids, John
Wiley & Sons, 2004.
[181] R. Amin, Y.-M. Chiang, Journal of The Electrochemical Society, 163 (2016) A1512A1517.
[182] C.J. Wen, B. Boukamp, R.A. Huggins, W. Weppner, Journal of The
Electrochemical Society, 126 (1979) 2258-2266.
[183] P. Birke, S. Scharner, R.A. Huggins, W. Weppner, Journal of the Electrochemical
Society, 144 (1997) L167-L169.
[184] Y. Zhu, C. Wang, The Journal of Physical Chemistry C, 114 (2010) 2830-2841.
[185] S. Cui, Y. Wei, T. Liu, W. Deng, Z. Hu, Y. Su, H. Li, M. Li, H. Guo, Y. Duan, W.
Wang, M. Rao, J. Zheng, X. Wang, F. Pan, Advanced Energy Materials, 6 (2016)
1501309.
[186] J. Landesfeind, A. Eldiven, H.A. Gasteiger, Journal of The Electrochemical
Society, 165 (2018) A1122-A1128.
[187] A. Lasia, Determination of Impedances, in: Electrochemical Impedance
Spectroscopy and its Applications, Springer New York, New York, NY, 2014, pp. 67-84.
[188] N. Ogihara, S. Kawauchi, C. Okuda, Y. Itou, Y. Takeuchi, Y. Ukyo, Journal of The
Electrochemical Society, 159 (2012) A1034-A1039.
[189] J. Landesfeind, D. Pritzl, H.A. Gasteiger, Journal of The Electrochemical Society,
164 (2017) A1773-A1783.
[190] M. Ender, A. Weber, E. Ivers-Tiffée, Electrochemistry Communications, 34 (2013)
130-133.
[191] C.-W. Wang, A.M. Sastry, K. Striebel, K. Zaghib, Journal of The Electrochemical
Society, 152 (2005) A1001-A1010.
[192] M. Eikerling, A. Kornyshev, Journal of Electroanalytical Chemistry, 475 (1999) 107123.
[193] F. Tariq, V. Yufit, M. Kishimoto, P. Shearing, S. Menkin, D. Golodnitsky, J. Gelb, E.
Peled, N. Brandon, Journal of Power Sources, 248 (2014) 1014-1020.
[194] Y. Liu, M.W. Murphy, D.R. Baker, W. Gu, C. Ji, J. Jorne, H.A. Gasteiger, Journal of
The Electrochemical Society, 156 (2009) B970-B980.
[195] T.F. Fuller, M. Doyle, J. Newman, Journal of the Electrochemical Society, 141
(1994) 1-10.
[196] Y. Ye, Y. Shi, N. Cai, J. Lee, X. He, Journal of Power Sources, 199 (2012) 227238.
[197] S. Allu, S. Kalnaus, S. Simunovic, J. Nanda, J.A. Turner, S. Pannala, Journal of
Power Sources, 325 (2016) 42-50.

173

[198] C.L. Cobb, M. Blanco, Journal of Power Sources, 249 (2014) 357-366.
[199] A.G. Kashkooli, G. Lui, S. Farhad, D.U. Lee, K. Feng, A. Yu, Z. Chen,
Electrochimica acta, 196 (2016) 33-40.
[200] M. Rashid, A. Sahoo, A. Gupta, Y. Sharma, Electrochimica Acta, 283 (2018) 313326.
[201] A. Nyman, M. Behm, G. Lindbergh, Electrochimica Acta, 53 (2008) 6356-6365.
[202] H. Song, T.-G. Jeong, Y.H. Moon, H.-H. Chun, K.Y. Chung, H.S. Kim, B.W. Cho,
Y.-T. Kim, Scientific reports, 4 (2014).
[203] K.X. Wang, X.H. Li, J.S. Chen, Advanced Materials, 27 (2015) 527-545.
[204] X.-L. ZHANG, G.-R. HU, Z.-D. PENG, Journal of Inorganic Materials, 26 (2011).
[205] Z. Zhong, Electrochemical and Solid-State Letters, 10 (2007) A267-A269.
[206] T. Hutzenlaub, A. Asthana, J. Becker, D. Wheeler, R. Zengerle, S. Thiele,
Electrochemistry Communications, 27 (2013) 77-80.
[207] A.Z. Lichtner, D. Jauffres, D. Roussel, E. Charlot, C.L. Martin, R.K. Bordia, Journal
of the European Ceramic Society, 35 (2015) 585-595.
[208] Z. Chen, X. Wang, F. Giuliani, A. Atkinson, Journal of Power Sources, 273 (2015)
486-494.
[209] T. Ressler, R.E. Jentoft, J. Wienold, M.M. Günter, O. Timpe, The Journal of
Physical Chemistry B, 104 (2000) 6360-6370.
[210] K. Inzani, M. Nematollahi, S.M. Selbach, T. Grande, F. Vullum-Bruer, Thin Solid
Films, 626 (2017) 94-103.
[211] J. Dang, G.-H. Zhang, K.-C. Chou, R.G. Reddy, Y. He, Y. Sun, International
Journal of Refractory Metals and Hard Materials, 41 (2013) 216-223.
[212] R.K. Enneti, T.A. Wolfe, International Journal of Refractory Metals and Hard
Materials, 31 (2012) 47-50.
[213] S.C. Maiti, M.A. Ghadkolai, R.K. Bordia, C. Ghoroi, Ceramics International, 44
(2018) 12580-12592.
[214] R.D. Shannon, Acta crystallographica section A: crystal physics, diffraction,
theoretical and general crystallography, 32 (1976) 751-767.
[215] K. Komaguchi, T. Maruoka, H. Nakano, I. Imae, Y. Ooyama, Y. Harima, The
Journal of Physical Chemistry C, 114 (2010) 1240-1245.
[216] J. Wolfenstine, J. Allen, Journal of Power Sources, 180 (2008) 582-585.
[217] D.S. Venables, M.E. Brown, Thermochimica acta, 285 (1996) 361-382.
[218] R.A. Huggins, Ionics, 8 (2002) 300-313.

174

[219] W. Wang, H. Wang, S. Wang, Y. Hu, Q. Tian, S. Jiao, Journal of Power Sources,
228 (2013) 244-249.
[220] T.-F. Yi, B. Chen, H.-Y. Shen, R.-S. Zhu, A.-N. Zhou, H.-B. Qiao, Journal of Alloys
and Compounds, 558 (2013) 11-17.
[221] D. Capsoni, M. Bini, V. Massarotti, P. Mustarelli, S. Ferrari, G. Chiodelli, M.C.
Mozzati, P. Galinetto, The Journal of Physical Chemistry C, 113 (2009) 19664-19671.
[222] Z. Yu, X. Zhang, G. Yang, J. Liu, J. Wang, R. Wang, J. Zhang, Electrochimica
Acta, 56 (2011) 8611-8617.
[223] G.-R. Hu, X.-L. Zhang, Z.-D. Peng, Transactions of Nonferrous Metals Society of
China, 21 (2011) 2248-2253.
[224] X.-L. Zhang, G.-R. Hu, Z.-D. Peng, Journal of Inorganic Materials, 26 (2011) 443.
[225] B. Yan, M. Li, X. Li, Z. Bai, J. Yang, D. Xiong, D. Li, Journal of Materials Chemistry
A, 3 (2015) 11773-11781.
[226] S.-K. Kim, E.-S. Kwon, T.-H. Kim, J. Moon, J. Kim, Ceramics International, 40
(2014) 8869-8874.
[227] J. Chen, L. Yang, S. Fang, S.-i. Hirano, K. Tachibana, Journal of Power Sources,
200 (2012) 59-66.
[228] Y.K. Sun, D.J. Jung, Y.S. Lee, K.S. Nahm, Journal of Power Sources, 125 (2004)
242-245.
[229] K.G. Gallagher, S.E. Trask, C. Bauer, T. Woehrle, S.F. Lux, M. Tschech, P. Lamp,
B.J. Polzin, S. Ha, B. Long, Q. Wu, W. Lu, D.W. Dees, A.N. Jansen, Journal of The
Electrochemical Society, 163 (2016) A138-A149.

175

